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ABSTRACT
Commodity polymers are used in every aspect of daily life, and most of these polymeric
materials are synthesized using petroleum-derived sources. There are direct environmental
consequences to this petroleum dependence including greenhouse gas emissions and
climate change. Biomass-based polymers show promise for the mitigation on negative
environmental impact, in comparison with petroleum-derived counterparts. However,
some biopolymers suffer from low chain entanglement due to bulky or long side chain
structures, resulting in poor mechanical properties. In this dissertation work,
macromolecular engineering is used to design biomass-derived polymers featuring a
variety of structures and functionalities. Additionally, biopolymer properties (including
thermomechanical enhancement) and applications such as polymer coatings and stimuliresponsive materials are discussed.
The first part of this dissertation focuses on strategies to overcome poor chain
entanglement. Through macromolecular engineering, resultant polymer microstructure can
be controlled to produce biomass-based polymers with industrially competitive
thermomechanical properties. Specifically, supramolecular interactions are introduced to
facilitate chain entanglement of polymers from biomass, which exhibit impressive
enhancement of mechanical properties. In Chapter 2,, hydrogen-bonding (H-bonding) is
used to enhance interactions between two complementary polymers. One polymer contains
pendant acid groups as H-bonding donors that interact with H-bonding acceptor polymers
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such as poly(4-vinylpyridine). The blending results in well-entangled polymer chains that
can dissipate stress and provide enhancement in tensile strength and toughness. While in
Chapter 3, metal-ligand coordination is used to promote entanglements within plant oilderived copolymers. Metal-ligand coordination imparts unique and promising properties
on these materials. The stimuli-responsive properties of both materials are also discussed.
The second part of this dissertation focuses on applications of biomass-based polymeric
materials. In Chapter 4, focus switches to the development of an industrially relevant freeradical emulsion polymerization approach. A series of copolymers are synthesized
featuring a plant oil-derived methacrylate copolymerized with styrene, methyl
methacrylate, and butyl acrylate. Finally, a simple oxidative crosslinking strategy is used
to enhance mechanical properties and provide strong, tough materials for potential coating
applications.
In Chapter 5, epoxy resin nanocomposites are featured for their use as potential shape
memory materials. Soybean-oil derived polymers are polymerized onto cellulose
nanocrystals (CNCs) using a grafting-from SI-ATRP strategy with subsequent crosslinking
using amine-catalyzed anhydride-epoxy curing. The strength of resulting epoxy resins
provided an optimal permanent network allowing for good shape recovery, while the
tunable glass transition temperature allowed for ease in shape fixity.
Finally, in Chapter 6, the summary and conclusions are given. Additionally, novel
strategies for future work in overcoming poor entanglement for other biomass-derived
polymers are presented.
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CHAPTER 1
GENERAL INTRODUCTION
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1.1 Sustainable Polymers from Biomass
For far too long society has been dependent on fossil fuels for energy and the production
of commodity products. The processes related to these applications release greenhouse
gases into the atmosphere, including carbon dioxide. Unfortunately, after centuries of this
behavior, the planet is suffering the effects in the form of global climate change, droughts,
loss of habitats, and ocean acidification. In an effort to help mitigate further pollution,
researchers have turned to biomass as an alternative source for polymer materials.1, 2
Biomass is organic material sourced from agriculture and forestry products, which is
used as fuel or industrial raw materials. Traditionally, biomass utilizes materials not
consumed as food. There are two main categories of biomass: natural polymers and
molecular biomass.3
Natural polymers are polymers (repeat units of a single monomer) produced
biologically. The presence of covalent bonding between monomer units prevents simple
depolymerization, making it more difficult to break these down into small molecules.
Cellulose, a homogenous polymer from plant cell walls comprised of repeat β-(1-4) linked
D-glucose units, which include pendant hydroxyl groups allowing for formation of strong
hydrogen-bonding and potential modification, making it an ideal filler in many polymer
matrixes (Figure 1.1a).4-7 Lignin, another polymer arising from plant cell walls, features a
heterogeneous polyphenolic structure (Figure 1.1b). Due to its hydrophobic structure and
irregular surface, it can be difficult to functionalize. Recent work has focused on
depolymerization of lignin into phenolic monomers for use in a wide variety of polymer
materials.8-11

2

Alternatively, molecular biomass comprises a wide array of molecular compounds,
some of which can be utilized as monomers. Molecular biomass can be classified into four
categories, based upon the composition of hydrogen, carbon, and oxygen: (1) oxygen-rich
molecular biomass, which contains a C/O ratio that is less than 5.0, such as lactic acid and
furans; (2) hydrocarbon-rich molecular biomass, which contains a C/O ratio greater than
5.0, such as plant oils, fatty acids and rosin acids; (3) hydrocarbon molecular biomass,
which contains no oxygen, such as isoprene, butylene and ethylene; and (4) nonhydrocarbon molecular biomass, which contains no hydrogen, such as carbon dioxide and
carbon monoxide.3, 12

Figure 1.1. Representative structures of natural polymers: (a) cellulose and (b) lignin, and
molecular biomass: (c) plant oils, featuring the fatty acids present in soybean oil.
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1.2 Plant Oil Polymers
Due to their low cost, wide availability, and ease of functionality, plant oils are a
promising molecular biomass source for production of polymer materials. Plant oils have
a unique structure featuring a glycerin backbone and three fatty acid chains (Figure
1.1c).13,

14

These fatty acids can vary depending on the plant oil source, and contain

structures featuring a variety of functional groups. In this work, high oleic soybean oil
(HOSO), which contains a higher content of oleic acid (>70%) than commodity soybean
oil (<25%), is utilized. This also means it contains a very low percentage of
polyunsaturated fatty acids (<10%) compared to its commodity counterpart (>50%). The
presence of polyunsaturated fatty acids can result in radical formation during reactions,
potentially leading to unwanted side-reactions and byproducts. Better control is achieved
for subsequent reactions, including prevention of crosslinking during polymerization, by
using HOSO.

Figure 1.2. The synthesis of thermoset and thermoplastic polymers from plant oils using two
different strategies towards mono- and multi-functional monomers.
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Due to the structure containing two different functional groups, plant oils can be used
to synthesize polymers using two different approaches (Figure 1.2). Firstly, the alkene
groups located on the fatty acid side chains can be functionalized with a wide array of
additional functional groups. The resulting monomers are multi-functional due the
presence of multiple polymerizable groups on each molecule. When polymerized, the
materials synthesized are thermosets. Thermosets contain chemical crosslinks, which
prevent reprocessing, but provide better properties (high strength, chemical resistance).1518

Secondly, functionalization can occur at the glycerin backbone where esters can undergo

a variety of reactions including cleavage and transesterification. The resulting monomers
are mono-functional and only contain one polymerizable group. Mono-functional
monomers are used to synthesize thermoplastics, which remain reprocessable. Our group
has worked to synthesize a library of plant oil monomers using a simple transesterification
strategy.19, 20 Resultant polymers contain tunable thermal properties, but are only able to
achieve soft, mechanically inferior properties compared to commercial polymers.
1.3 Macromolecular Engineering
The topologies or compositions of polymers have a direct effect on behavior and
properties; as a result, developing the ability to control these parameters has been a
hallmark of polymer science in recent years. Current advances in polymerization
techniques and post-polymerization modification have allowed for an explosion in
macromolecular engineering capabilities.21-23 Macromolecular engineering strategies aim
to control materials on the macromolecular level, directing resultant chain architectures,
topologies, and functionalities (Figure 1.3).24-26 Through careful selection of monomers
and methods, there is also control of monomer distribution throughout a polymer chain,
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which can affect interaction between monomers and the overall microstructure of the
material. There is also control over the shape of a polymer chain and the location and types
of functionalities present, unlocking the door for high-order structured materials.

Figure 1.3. Macromolecular engineering aspects, including topology, composition, and
functionality. (reprinted by permission from Springer: Nature Chemistry, ref [26])

One useful application includes the use of pendant functionalities on block copolymers
to synthesize polymer micelles for drug delivery applications.27, 28 Some strategies utilized
in macromolecular engineering include controlled radical polymerization and chain-end
functionality, e.g. click-reactions, where chemistry can be introduced and exploited to
achieve specific topology and functionality.29-33 These new synthetic strategies are
especially useful for synthesizing reactive chain ends to achieve grafted and comb/brush

6

morphologies. Overall, the control achieved on the macromolecular scale provides a
toolbox to synthesize polymers with unique, tunable properties.
1.4 Polymerization Techniques
Atom Transfer Radical Polymerization (ATRP)

Figure 1.4. A schematic illustration of the ATRP mechanism.

First introduced by Krzysztof Matyjaszewski and Mitsuo Sawamoto in 1995, this
polymerization technique has become one of the most popular and versatile livingpolymerization methods.34,

35

The theory of this method involves the activation and

deactivation of radical species using copper(I) bromide and an alkyl bromide as mediators
(Figure 1.4). When activated, copper(I) bromide is oxidized to copper(II), creating an
active radical species capable of undergoing monomer addition or polymerization at a
constant rate (kp). However, the equilibrium is strongly shifted towards the reverse reaction
to form the dormant species (kact << kdeact), so the favored reaction, deactivation, reforms
copper(I) bromide and a dormant polymer chain with pendant bromine group. The favored
dormant species helps prevent side reactions such as chain transfer and termination (kt).36,
37

The success of this method has led to the development of a variety of related methods
including polymerizations controlled by light or utilizing different metal species.38-43 Due
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to the good polymerization control and low dispersity, ATRP is used to synthesize many
functional materials with specific chain architectures such as triblock copolymers and stars,
as well as grafted structures from macromonomers including grafted combs and
nanocomposites using a variety of grafting strategies.21, 29
Reversible Addition Fragmentation Transfer Polymerization (RAFT)
First discover in 1998 by the Commonwealth Scientific and Industrial Research
Organization (CSIRO), this living radical polymerization method utilizes a unique initiator
to control the rate of radical formation and thus polymerization.44 The unique structure of
RAFT agents is responsible for its behavior. The R-group is reactive enough to fragment
and re-initiate the polymerization, but also help stabilize the growing radical formed.
Alternatively, the Z-group helps control the stability of the C=S bond, assisting in
fragmentation and polymer growth periods. Additionally, there are different types of RAFT
agents available, including dithioesters, trithioesters, thiocarbamates, and xanthates.45-47
The R- and Z- groups within a RAFT agent can also be changed to help stabilize and control
the polymerization. By controlling the overall structure of the RAFT agent, polymerization
control can be tailored for a range of monomers.
There are five steps involved in RAFT polymerization (Figure 1.5). After initiation, a
growing polymer chain transfers its radical onto the RAFT agent. Due to the structure, the
RAFT agent can fragment and transfer this radical to a subsequent growing polymer chain,
allowing for monomer addition. Further steps involve repetition of this transfer,
fragmentation, and polymer growth. Due to the low population of radical species,
termination and other undesired side-reactions are minimized.48, 49
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Figure 1.5. A schematic illustration of the RAFT polymerization mechanism.

As with other living radical polymerization methods, polymers synthesized from RAFT
feature predictable molecular weights (Mn) and low dispersity. The chain-ends and
macromolecular architecture can also be controlled to adapt materials towards desired
applications.48, 50 Due to the lack of metal in this polymerization, polymers synthesized
from RAFT are very promising for biomaterials.51
Emulsion Polymerization
This method of polymerization utilizes an emulsion, typically between an oil and water
phase. A surfactant, an amphiphilic molecule featuring a hydrophilic head and hydrophobic
tail, is usually necessary to stabilize these two phases.52 The oil droplets consist of
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immiscible monomers coated in a layer of surfactant, which results in the formation of
micelles. There are a few emulsion polymerization processes, which differ in how the
emulsion is formed and maintained. A batch process starts with all materials; water,
monomer, surfactant, and initiator; present in the reactor. The mixture is agitated to form
an emulsion and heated to form radicals, thus initiating polymerization. This method is the
easiest, but can result in coagulation and runaway exothermic reactions. Alternatively, a
semi-batch process begins with water and a small portion of the surfactant and monomer
mixture. The solution is heated and initiator added to begin polymerization. The residual
mixture of surfactant and monomer is added slowly over a set time interval, usually
concurrently with additional initiator. Despite the longer reaction time and addition set-up,
this process is easier to control (exothermic reactions) and results in more homogenous
polymers. The last method that is commonly utilized is a continuous process; however, this
is primarily used only in industry for synthetic rubbers.53
The mechanism of emulsion polymerization first described by Smith and Ewart is
complex, but it can be broken down into three key intervals.54-58 Firstly, monomer is
dispersed in water using a surfactant. The surfactant concentration needs to be above the
critical micelle concentration to allow for the creation of micelles in water. Additionally,
the surfactant serves to form and stabilize the smaller, growing polymer micelles present
in the next steps. This mixture is emulsified using agitation (high-speed stirring or ultrasonication) to create large, surfactant-stabilized monomer droplets. An initiator is added,
decomposes to radicals, and disperses into the smaller monomer micelles. Initiators need
to be water-soluble to be able to transfer easily throughout the medium. In the micelles,
polymerization begins, and monomer concentration quickly drops (Smith-Ewart Interval

10

1). During polymerization, micelles containing growing polymer chains are continuously
consuming smaller monomer micelles and droplets, resulting in a steady rate of
polymerization (Smith-Ewart Interval 2, Figure 1.6a). Steady polymerization continues
until no free monomer is present in the system (Smith-Ewart Interval 3). At this point,
additional initiator can be added to push towards complete monomer consumption within
the polymer particles. Once complete, the resultant latex is used directly for many
applications. Alternatively, microemulsions can be used to synthesize polymer latexes.
This method differs from standard emulsion polymerization kinetically and is significantly
more complex.59

Figure 1.6. A schematic illustration of the mechanism for (a) emulsion polymerization and (b)
microemulsion polymerization. (reproduced with permission from ref [58] published by The Royal
Society of Chemistry)

Emulsion polymerization is used industrially to synthesize many different polymers due
to its high polymerization rates and good control, partially due to good heat transfer from
water throughout the reaction. Additionally, the lack of organic solvent and ease of
processing make them optimal for many applications such as coatings and adhesives, many
of which are utilizing sustainable monomer alternatives.60-66
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1.5 Stimuli-Responsive Polymers
Stimuli-responsive polymers are a class of high-performance smart polymeric materials.
In these materials, a response occurs after introduction of stimuli, which can include
changes in shape, permeability, conductivity, color, transparency, and state of matter.67-69
The stimuli that produce these responses can be broken down into three categories:
physical, chemical, or biological (Figure 1.7). Due to the wide array of potential stimuli
and response combinations, these materials can be used in such applications as
biomedicine, separations technology, and agriculture. Some stimuli are more useful in
certain applications, such as utilizing biological stimuli for biomaterials. For example,
polymers can be designed to change shape in the presence of certain enzymes or proteins
to mimic a natural response or prevent a potentially harmful mutation within the body.70, 71
Depending on the desired applications, these stimuli can also be used in combination to
create dual- and multi-responsive polymeric materials.

Figure 1.7. An illustration of the types of stimuli-response and their corresponding stimuli.
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Shape Memory Polymers
Shape memory polymers (SMPs) are a type of stimuli-responsive material that can
change shape upon exposure to an external stimuli.72, 73 As discussed, these stimuli can
include temperature, pH, light, or a combination of stimuli to create multi-responsive
SMPs, which can transform into more than one shape successively.

Figure 1.8. The two networks present in a shape memory polymer (SMP): the permanent network
(stable polymer network) and the temporary network (reversible switch). (reprinted from ref [74]
with permission from Elsevier)

In order to respond to stimuli, the microstructure of SMPs usually need to involve two
separate networks, a permanent network and a temporary network (Figure 1.8).74 The
permanent network is a stable network that serves to maintain the original, permanent
shape of the polymeric material, support fixation of the temporary shape, and assist in quick
recovery to the permanent shape. In order to achieve this, the permanent network typically
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features chemical crosslinking but can also utilize strong supramolecular interactions.75, 76
Alternatively, the temporary network utilizes switchable chemistry. This can include
dynamic bonds, including reversible covalent bonding such as Diels Alder reactions, or
thermal transitions, such as glass transition temperature (Tg) or crystallization. The
dynamic chemistry needs to respond to the stimuli quickly and efficiently in order for
SMPs to undergo shape recovery. Dynamic mechanical analysis (DMA) can be utilized to
quantify shape-memory properties, such as the shape fixity and shape recovery, of SMPs.
Self-Healing Polymers
Self-healing polymers are materials that have a natural ability to heal damage without
the need for outside intervention.77, 78 Over time, many polymeric materials degrade as a
result of fatigue and wear, all of which can be expedited under certain working conditions.
In some applications though, it can be difficult to replace these materials. When cracks and
damage initially begin to form within polymeric materials, self-healing properties can be
useful to stop the propagation of these defects and prevent complete mechanical failure.
The two categories of self-healing polymers are defined as intrinsic (reversible) and
extrinsic (irreversible).79-81 Intrinsic self-healing polymers utilize chemistry present within
the polymer itself, such as supramolecular interactions. This chemistry is reversible,
allowing a material to heal repeatedly. Alternatively, extrinsic self-healing utilizes
additional catalysts and additives, which serve to initiate a reaction (e.g. polymerization or
crosslinking) that heals the material. As there is a limited amount of additional components
present, and as the resultant healing often involves formation of chemical bonds, the selfhealing in these materials is irreversible and can only occur once.

14

Figure 1.9. An illustration of the mechanism for intrinsic self-healing polymers. (reproduced with
permission from ref [78] published by The Royal Society of Chemistry)

The mechanism involved in self-healing is simple (Figure 1.9). Firstly, the materials
are physically damaged (cut, torn, cracked) which results in a loss of network integrity
(chain cleavage or slippage within the polymer network). This is the same for both intrinsic
and extrinsic systems. Next, in intrinsic systems, mobility within the polymer allows for
chain movement, diffusing reactive chain ends throughout the network. These reactive
chain ends are responsible for undergoing the reformation of the intrinsic network
(supramolecular: hydrogen bonding, Diels-Alder, etc.). For extrinsic systems, the original
physical damage serves to rupture or release the chemicals responsible for the subsequent
crosslinking reactions. In either case, network integrity is reestablished and the original
physical damage can no longer be detected. A variety of characterization techniques can
be used to quantify the damage and study the healing process. Most involve two parts:
determination of the presence of visual damage using microscopy techniques (scanning
electron microscopy (SEM), optical microscopy, and atomic force microscopy (AFM));
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and determining if network integrity was lost, which results in a loss of thermomechanical
properties that is easily detected by tensile testing or DMA.
1.6 Research Objectives
The major objective of my dissertation was to utilize macromolecular engineering to
control biomass-derived polymers. Despite their environmental advantages, many
bioplastics and elastomers from sustainable resources suffer from poor thermal and
mechanical properties. By controlling the structure and topology of these polymers,
through macromolecular engineering, polymeric materials with detailed microstructures
and predictable properties can be achieved.
Firstly, supramolecular interactions including hydrogen-bonding and metal-ligand
coordination are used to introduce “crosslinking junctions” and mimic chain entanglement.
The obtained materials also display stimuli-responsive properties including self-healing
and shape-memory. Extensive studies were performed on both systems to elucidate the
direct effect of the introduced physical bonding on microstructures and resultant properties.
The second half of this dissertation focuses on developing an industrially feasible route
towards plant oil-derived materials. One such application, polymer coatings, would benefit
greatly from a direct replacement of petroleum-derived components with biomass
alternatives due to its large-scale usage. For this project, emulsion polymerization was used
to synthesize copolymers, which could be crosslinked through a facile strategy and directly
cast as acrylic polymer coatings. The second application, epoxy resin nanocomposites, is
another widely used material that has already benefited greatly from incorporation of
biomass-derived components. By incorporating fillers, enhanced thermal and mechanical
properties are achievable. Additionally, the presence of different polymer networks (arising
16

from the epoxy crosslinks and grafted polymers) imparts shape-memory properties in these
polymeric materials.
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CHAPTER 2
TUNING MECHANICAL PROPERTIES OF BIOBASED POLYMERS BY
SUPRAMOLECULAR CHAIN ENTANGLEMENT

Adapted with permission from Lamm, M.E.; Song, L.; Wang, Z.; Rahman, Md. A.; Lamm,
B.; Fu, L.; and Tang, C. Macromolecules, 2019, DOI: 10.1021/acs.macromol.9b01828.
Copyright 2019 American Chemical Society.
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2.1 Abstract
A variety of biobased polymers have been derived from diverse natural resources.
However, the mechanical properties of some of these polymers are inferior due to low
chain entanglement. We report a facile strategy termed “supramolecular chain
entanglement” via supramolecular interactions to create physical crosslinking and
entanglements for polymers with long pendent fatty chains. The ensuing bioplastics –
prepared by mixing copolymers, composed of a plant oil-derived methacrylate with an
acid-containing monomer as a hydrogen-bonding donor – and poly(4-vinylpyridine) as a
wrapping chain with a hydrogen-bonding acceptor, show tunable mechanical strength and
toughness. These polymer blends, consisting of > 90 wt% sustainable sources, show
marked improvement in thermomechanical properties compared with the viscoelastic
nature of the biobased homopolymer as a direct result of chain wrapping and hydrogen
bonding between the carboxylic acid and pyridine groups. Spectroscopic evidence
confirmed the hydrogen-bonding interaction within the copolymers, while morphological
and thermal characterization was carried out to elucidate microstructures of biobased
polymers.
2.2 Introduction
Common

commodity polymers,

including

polypropylene,

polyethylene

and

polystyrene, are heavily dependent on petroleum-based chemicals. Production of fossilbased monomers and polymers aggravates net carbon emission and undesirable climate
change. Thus, recent thrusts are aimed at increasing the use of renewable carbon-neutral
resources in the manufacture of bioplastics.1-9 Nevertheless, sustainable polymers face
many challenges, including high cost and poor performance, which limit their
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competitiveness in the current market. These issues could be mitigated by using common,
cheap biomass sources coupled with minimal or highly efficient functionalization.10-12 For
example, plant oils with a global production of nearly 200 million tons are a promising
renewable resource for making biobased polymers with additional benefits of low cost and
value-added functionality.1, 13-17
However, many of these bioplastics have poor mechanical properties, including fragility
and low strength. Derived from a variety of biomass, these polymers could possess bulky
or long pendent chains, which can result in significantly lower chain entanglement (and
therefore high entanglement molecular weight, Me).18 Me is very high for polymers with
bulky side groups from biomass such as soybean oil (>200 kDa), rosin acids (>90 kDa),
and terpenes (>30 kDa).19-21 A few strategies have been developed to overcome high Me:
(1) the use of ultrahigh molecular weight polymers;20 (2) utilization of chain architectures
such as block copolymers to allow for stress dissipation;19, 21-27 and (3) incorporation of
physical or dynamic chemical crosslinking to induce chain entanglement.27-29 Dynamic
crosslinking is a viable approaches with the aid of a wide variety of chemistries such as
supramolecular interactions and exchangeable bonding. Supramolecular interactions such
as hydrogen bonding (H-bonding) have been widely used as dynamic bonds to improve
properties of polymers.30-41
Herein we report a simple, yet robust “supramolecular chain entanglement” strategy for
the creation of physical crosslinking and entanglements to substantially enhance
mechanical properties of biomass-derived polymers, as illustrated in Figure 1. We present
plant oils as a biomass origin to demonstrate the validity of this concept. Specifically, we
introduce H-bonding into a polymeric system to induce physical crosslinks. Acidic proton
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donors (e.g. carboxylic acids) and basic proton acceptors (e.g. amines and pyridines) are
among the most desirable H-bonding pairs due to their high affinity, good precursor
solubility, and facile availability.42, 43 In this work, commercial carboxylic acids such as
methacrylic acid (MAA), acrylic acid (AA), and 2-carboxy-ethyl acrylate (CEA) were used
as H-bonding donor co-monomers, which were introduced into soybean oil-derived
polymers via radical copolymerization. The copolymers were then mixed with poly(4vinypyridine) (P4VP), an H-bonding acceptor. The H-bonding interactions between
pyridine and acid units would create physical crosslinks among bulky biomass-derived
polymers and further enable the chains of P4VP to wrap around them.

Figure 2.1. Graphical illustration of “supramolecular chain entanglement”: P4VP is used as Hbonding acceptors to interact and wrap soybean oil-based copolymers containing H-bonding acidic
donors, which produces physical crosslinks toward more efficient chain entanglements.

A few design principles guide the macromolecular compositions: (1) The entangling
polymers should be readily processable and have a relative low Me with functionalities to
facilitate the formation of physical crosslinks. P4VP could meet these criteria with its Me
at ~30 kDa.18 (2) Biomass monomers should be able to copolymerize with other monomers
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that are not only low cost and commercially available, but are also able to induce
supramolecular interactions with the entangling polymers. Thus, carboxylic acid-based
(meth)acrylate monomers would be a good choice. (3) The biomass content should be
aimed at sustainability, in other words, the entangling polymers and those for
supramolecular interactions should be used at the minimum level.
2.3 Experimental
Materials
Plenish high oleic soybean oil (HOSO) was provided by Pioneer. Azobisisobutyronitrile
(AIBN, 98%, Aldrich) was recrystallized from methanol. 4-Vinyl pyridine (Sigma, 96%)
was vacuum distilled. Other monomers were run through basic alumina to remove
inhibitors. All other reagents were from commercial resources and used as received unless
otherwise mentioned. SBMA (soybean methacrylate) and SBMA and PSBMA were
synthesized following previously published procedures.54
Synthesis of Copolymers (P(SBMA-co-MAA), P(SBMA-co-AA), and P(SBMA-co-CEA))
The following procedure was used for MAA5, similar procedures were followed for all
other copolymers. SBMA (7 g, 0.017 mol), MAA (0.33 g, 0.0035 mol) and AIBN (35 mg,
0.21 mmol) were placed in a 50 mL round bottom flask and dissolved in toluene (14 mL).
The flask was sealed, purged with nitrogen for 15 min, and placed in an 80 oC oil bath.
After 16 h, the polymer was poured into cold methanol. The resulting polymer was
precipitated twice into methanol and dried for 24 h in a 50 oC vacuum oven.
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Synthesis of Poly(4-vinylpyridine)
The following procedure was used to synthesize P4VP-30. Similar procedure was
followed for other molecular weights. 4-Vinylpyridine (6.13 mg, 56.9 mmol) and 4-cyano4-(thiobenzoylthio)pentanoic acid (42 mg, 0.15 mmol) were placed in a 25 mL Schlenk
flask. AIBN (1.23 mg, 0.0075 mmol) was dissolved in THF (0.1 mL) and added to the
flask. The flask was sealed and purged of oxygen using three cycles of freeze-pump-thaw.
The flask was placed in a 60 oC oil bath. The polymer was dissolved into hexane and
precipitated in diethyl ether three times. The polymer was dried in a 60 oC oven for 24 h.
Characterization
1

H NMR and 13C NMR spectra were recorded on a Varian Mercury 300 spectrometer

in deuterated chloroform (CDCl3) with tetramethylsilane (TMS) as an internal reference.
Solid state 13C CP-MAS spectra were collected on a Bruker Avance III-HD 500 MHz (13C
frequency of 129.79 MHz) spectrometer fitted with a 1.9mm MAS probe. The spectra
were collected at ambient temperature with sample rotation rate of 20 kHz. 2 ms contact
time with linear ramping on the 1H channel and 62.5kHz field on the

13

C channel were

used for cross polarization. 1H dipolar decoupling was performed with SPINAL64
modulation and 145kHz field strength. Free induction decays were collected with a 20
msec acquisition time over a 350 ppm spectra width with a relaxation delay of 2s.
Molecular weight and molecular weight distribution of polymers were determined by gel
permeation chromatography (GPC) equipped with a 2414 RI detector, a 1525 Binary Pump
and three Styragel columns. The columns consisted of HR 1, HR 3 and HR 5E with
effective molecular weight ranges of 100−5K, 500−30K, and 2K−4M respectively. THF
was used as eluent at 35 °C with a flow rate of 1.0 mL/min. The system was calibrated with
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polystyrene standards obtained from Polymer Laboratories. GPC samples were prepared
by dissolving the sample in THF with a concentration of 3.0 mg/mL and passing through
microfilters with a pore size of 0.2 μm. Glass transition temperature (Tg) of polymers was
determined using differential scanning calorimetry (DSC) conducted on a DSC 2000
instrument (TA Instruments). Samples were first heated from −70 to +200 °C at a rate of
10 °C/min. After cooling down to −70 °C at the same rate, the data were collected from the
second heating and cooling scan. About 10 mg of each sample was used for the DSC test
with nitrogen gas at a flow rate of 50 mL/min. Thermogravimetric analysis (TGA) was
conducted on a Q5000 TGA system (TA Instruments), ramping from 25 to 600 °C with a
rate of 10 °C/min. About 10 mg of sample is used per test. Tensile stress−strain testing was
carried out with an Instron 5543A testing instrument with a cross-head speed of 20mm/min.
Five replicate samples from different films were used to obtain an average value for each.
Error was calculated from standard deviation using data collected from all five replicate
samples. Fourier transform infrared spectrometry (FTIR) spectra were taken on a
PerkinElmer spectrum 100 FTIR spectrometer. Variable temperature FT-IR (VT-FTIR)
experiments were performed on a Bruker Tensor 27 FT-IR spectrophotometer with
Eurotherm 2404 temperature controller. Dried polymer films were used for measurement.
Dynamic thermomechanical analysis (DMA) was performed by using a Q800 DMA (TA
Instruments). The DMA spectra were scanned with a frequency of 1 Hz and a heating rate
of 3 oC/min. Small-angle X-ray scattering (SAXS) experiments were conducted using
SAXSLab Ganesha at the South Carolina SAXS Collaborative at the University of South
Carolina. A Xenocs GeniX3D microfocus source was used with a copper target to generate
a monochromic beam with a 0.154 nm wavelength. The instrument was calibrated using a

31

silver behenate reference with the first order scattering vector q* = 1.076 nm−1, with q =
4πλ−1 sin θ, where λ is the X‐ray wavelength and 2θ is the total scattering angle. A 300
K Pilatus detector (Dectris) was used to collect the two-dimensional (2D) SAXS patterns.
Radial integration of 2D patterns reduced the data to 1D profiles. Polymer films were fixed
to a mount such that only the sample was measured at the exclusion of any mounting tape.
All data were acquired for about 0.5 hour at room temperature with an incident X-ray flux
of ∼1.5 M photons per second. Temperature-dependent SAXS measurements were taken
using a Linkam Scientific Instrument HFS350X-GI hot stage in a SAXSLab Ganesha. The
sample was heated at a rate of 10 °C/min and left to equilibrate for 10 min. Cooling of the
sample to room temperature was performed at a rate of 5 °C/min. Microscopy images were
taken using a Leica DM750 microscope equipped with a mounted EC3 camera. Selfhealing experiments involved damaging films using a standard razor blade to cut films. A
new razor blade was used for each experiment.
Mechanical Properties
Films for tensile testing were prepared by dissolving 0.75 g of a copolymer and various
amounts of P4VP in 10 mL of chloroform. The solution was sonicated for 5 minutes and
poured in a PTFE mold. After the evaporation of solvent over 48 h, the film was put under
vacuum for 12 h at room temperature and then 12 h at 60 °C. Dog-bone shaped specimens
were cut from the cast film with a length of 20 mm and width of 5.0 mm. The thickness
was measure prior to each measurement. Testing occurred at room temperature with the
crosshead speed of 20 mm/min.

32

2.4 Results
Preparation of H-bonded polymer blends
Soybean oil-based copolymers were synthesized using free radical copolymerization of
soybean monomers and carboxylic acid monomers (Scheme 1). Large-scale synthesis of
soybean methacrylate (SBMA) monomer was recently demonstrated.44 However, the
SBMA homopolymer (PSBMA) is a viscoelastic liquid.45,

46

The addition of a small

fraction (≤ 5wt%) of acid-based comonomers successfully transformed the viscoelastic
homopolymer to thermoplastic copolymers. This is substantial in terms of the effect of
comonomers on mechanical properties.

Figure 2.2. Synthesis of soybean oil-based methacrylate monomers from high oleic soybean oil
and soybean oil-based copolymers P(SBMA-co-MAA/AA/CEA) via free radical
copolymerization.

To examine the effect of acid contents, copolymers of each acid system with two
different weight fractions of acid (2 and 5 wt%) were prepared (copolymer named with
acid monomer and its weight percentile, Table 2.1). First, MAA-containing copolymers

33

suffer from brittleness, mostly due to the high Tg nature of MAA polymer (PMAA Tg ~230
o

C). Therefore, a comparative system with a softer AA component was utilized (PAA Tg

~106 oC). As both MAA and AA units are much smaller than bulky SBMA, the acid units
are likely surrounded by pendant fatty side chains, potentially limiting the formation of Hbonding.124 Thus, CEA-containing copolymers were synthesized. CEA is a soft acid
monomer (PCEA Tg ~30 oC), bearing a longer pendant carboxylic group.
Table 2.1. Characterization data of PSBMA homopolymer, P(SBMA-co-MAA) copolymers
(MAA2 and MAA5), P(SBMA-co-AA) copolymers (AA2 and AA5), and P(SBMA-co-CEA)
copolymers (CEA2 and CEA5).

Sample code

Acid content
(wt%)a

Acid content
(mol%)a

Tg (oC)b

Mn (KDa)c

Ðc

PSBMA

0

0

-6

43.4

1.78

MAA2

2

8.8

19

83.5

2.49

MAA5

5

20.0

35

81.3

2.21

AA2

2

10.3

-4

29.4

2.70

AA5

5

22.9

-2

32.9

2.98

CEA2

2

5.5

-6

33.4

2.66

CEA5

5

12.9

-5

32.9

2.64

a

Weight and molar fractions of MAA, AA, and CEA were calculated based on 1H NMR. bTg values were
obtained by DSC (2nd heating cycle). cMolecular weight and molecular weight distribution were characterized
via GPC.
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Table 2.2. Weight and molar fractions of all components in polymer blends containing P4VP and
SBMA copolymer (MAA2, MAA5, AA2, AA5, CEA2, and CEA5).

Weight Fraction (wt %) a

Molar Fraction (mol %) a

Sample code (wt%
in Number)

Acid

4VP

SBMA

Acid

4VP

SBMA

MAA2-P4VP2b

2

2

96

7.2

6.8

86.0

MAA2-P4VP5b

2

5

93

7.7

15.7

76.6

MAA5-P4VP2b

5

2

93

16.6

7.6

75.8

MAA5-P4VP5b

5

5

90

15.1

14.3

70.6

AA2-P4VP2

2

2

96

7.8

6.7

85.5

AA2-P4VP5

2

5

93

8.1

16.3

75.6

AA5-P4VP2

5

2

93

17.1

8.0

74.9

AA5-P4VP5

5

5

90

15.9

15.1

69.0

CEA2-P4VP2

2

2

96

6.8

7.0

86.2

CEA2-P4VP5

2

5

93

7.2

15.4

77.4

CEA5-P4VP2

5

2

93

16.5

7.0

76.5

CEA5-P4VP5

5

5

90

14.1

14.9

71.0

a

Weight and molar fractions of MAA, AA, and CEA were calculated based on 1H NMR. bSame ratios used
for all MAA blends, regardless of P4VP Mn.

All copolymers were characterized by 1H NMR. Due to the difference in monomer
reactivity, the molecular weight of AA and CEA copolymers is much lower than MAA
copolymers. Compared to glass transition temperature (Tg) of PSBMA homopolymer (-6
o

C), a significant increase was observed for MAA copolymers, 19 oC for MAA2 and 35 oC

for MAA5; whereas a minimal change in Tg was observed for AA and CEA copolymers.
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The weight and molar fractions of comonomers in the resulting copolymers were calculated
based on feed ratios and conversion of comonomers in the crude reaction mixture after
polymerization, both confirmed by 1H NMR (Table 2.1).
Supramolecular polymer blends were prepared by solution mixing of soybean
copolymers and P4VP. P4VP was synthesized using reversible addition fragmentation
transfer (RAFT) polymerization, following an established procedure.48 Three P4VP
polymers with different molecular weight were synthesized (Mn = 8, 30, and 60 kDa). All
blends used the following naming system: the copolymer name indicating the acid
monomer and its weight fraction in number (MAA2, MAA5, AA2, AA5, CEA2, or CEA5)
and P4VP following by a number indicating its weight fraction. The number in parenthesis
refers to as the molecular weight P4VP. For example, blend MAA5-P4VP2 (30K) contains
MAA-based copolymer with 5wt% MAA and 2wt% P4VP with Mn = 30kDa. Molar and
weight fractions of all components in each polymer blend are shown in Table 2.2. In order
to maintain high sustainability, all blends contain ≥90wt% of soybean monomer, while the
fractions of acid monomer (MAA, AA, or CEA) and 4VP together are ≤10 wt%. All
polymer blends formed free-standing films, a remarkable mechanical improvement
compared to the tacky PSBMA homopolymer.
As H-bonding is sensitive to temperature, variable temperature FTIR was employed to
probe its presence in the blend system for understanding the effect of supramolecular
interactions on microstructures.119, 120, 124, 126 As shown in Figure 2.3a, three peaks were
tracked: N···H, bonded C=O in amide, and free C=O in amide. At lower temperature, an
N···H peak (1608 cm-1) appeared, due to the delocalization of the carbonyl as a result of
H-bonding with the pyridine group. This peak decreases in intensity with the increase of
36

temperature, indicating the weakening of H-bonding. Additionally, tertiary amide groups
from the SBMA units also participate the H-bonding. They serve as H-bonding acceptors,
in which the carbonyl bond was observed with a shift in its peak position, with a lower
peak (1650 cm-1) present at lower temperature, which corresponds to the associated Hbonding amide, and a higher peak (1654 cm-1) present at higher temperature, which
corresponds to the dissociated moiety not participating in H-bonding. There is also a
correlation between all these peaks which show trends in peak intensity for N···H, free
C=O and bonded C=O as a function of temperature (Figure 2.3b).

C=O
ester/acid

free

H-bonded

NH

1800

1750

1700

1650

(b)

o

amide C=O

1600
Wavenumber(cm-1)
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o
100 C
o
90 C
o
80 C
o
70 C
o
60 C
o
50 C
o
40 C
o
30 C

1550

Peak Intensity

(a)

1500

Free C=O amide
Bonded C=O amide
Bonded NH

40

60

80
o
Temperature ( C)

100

Figure 2.3. (a) Variable temperature FTIR spectra of a representative polymer blend (MAA5P4VP5 (60K)) at various temperature; (b) Peak intensity of different bonds involving H-bonding
as a function of temperature; (c) A proposed microstructure of polymer blends during heating and
cooling cycles.
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Additional characterization on H-bonding was performed using solid-state 13C CP-MAS
NMR. It has been reported that carboxylic acid can undergo dimerization, which can be
disrupted by the addition of pyridine due to the formation of stronger hydrogen bonding
between acid and pyridine.50 In this work, an MAA copolymer with a higher faction of
MAA (molar ratio of SBMA: MAA at 1:1) was synthesized in order to amplify acid peaks
from those of aliphatic backbone and side chain. This copolymer was blended with P4VP60 to give a final molar ratio of SBMA: MAA: 4VP around 1:1:1. Using

13

C NMR, the

copolymer and blend were compared (Figure 2.4). For the copolymer there is a broad peak
around 172 ppm, representing the ester and amide carbonyls. An additional smaller peak
at 182 ppm corresponds to the acid carbonyl. This peak location is consistent with the
dimerization of carboxylic acid as reported in literature. The blend only exhibits one
broader peak at 173 ppm, while the peak at 182 ppm completely disappeared. This indicates
that the acid is no longer dimerized, most likely due to the new interaction between acid
and pyridine. Taken together with FTIR results, it is evident that there is a presence of
complex supramolecular interactions within 4VP, SBMA and MAA units through Hbonding.
Further morphological data was obtained using small angle x-ray scattering (SAXS). At
room temperature (25 oC), only one broad peak is present corresponding to a d-spacing of
3-3.8 nm (Figure 2.4), which is consistent with previously reported ill-defined side-chain
packing of pendant fatty chains.102 The lack of high orders of scattering peaks at low q
values indicates the absence of phase separation, further suggesting that the polymer blends
are mostly miscible.
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Figure 2.4. (a) 13C solid-state NMR spectra of P(SBMA-co-AA) copolymer (1:1 molar ratio of
SBMA: MAA) and (b) polymer blend (1:1:1 molar ratio of SBMA: MAA: 4VP); (c) SAXS profiles
of copolymer (MAA2) and polymer blends containing P4VP and P(SBMA-co-MAA) copolymers
at 25oC; (d) polymer blend MAA5-P4VP5 (60K) at various temperature.

We further carried out SAXS experiments to track phase separation of the blend system
at various temperature (Figure 2.4b). Once heated from 40 oC to 100 oC, the SAXS profiles
show the emergence of a new peak with increasing intensity associated with a larger
correlation length (~ 8.5 nm), suggesting that there is an increasing phase separation. It
could be explained by the disruption of H-bonding and thus gradual increase of
immiscibility. Further heating to 140 oC resulted in the disappearance of the newly formed
peak, most likely due to the “order-disorder” transition that is commonly associated with
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the change of temperature-dependent Flory-Huggins parameter (it is beyond the scope of
this work to make quantitative analysis). However, after cooling to room temperature, the
SAXS profile are also identical to the one before heating, mostly likely due to the recovered
H-bonding and therefore miscibility.
Based on these results, a proposed microstructure model is illustrated in Figure 2.1,
where chains of soybean copolymer and P4VP are favorably entangled, facilitated by
supramolecular interactions between carboxylic acid groups in the copolymer and pyridine
groups in P4VP. The formation of H-bonding based physical networks can dissipate stress
from one macromolecule to another, thus potentially changing physical properties over the
viscoelastic homopolymers. Varying the compositions of H-bonding moieties and chain
flexibility could allow for tailorable bioplastics that have mechanical improvement
compared to soybean oil-based homopolymers.
Mechanical properties
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Figure 2.5. Stress-strain curves of polymer blends with variation in compositions: (a) Variation in
H-bonding fractions; (b) Variation in molecular weight of P4VP.
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A major goal of this work was to demonstrate that supramolecular chain entanglement
could be tuned for direct control of mechanical properties. By changing chemical
compositions, including the level H-bonding, chain wrapping Mn, and chain flexibility, the
direct effect of variations in macromolecular composition on thermomechanical properties
can be elucidated.
We first chose P4VP with Mn = 30,000 Da as a model H-bonding acceptor polymer for
making polymer blends, as this molecular weight is close to Me of P4VP. To examine the
effect of H-bonding components on mechanical properties of polymer blends, we varied
the overall weight ratios of H-bonding monomeric units, which are maintained ≤ 10wt%
in order to maximize the sustainable component of soybean (Table 2.3, Figure 2.5a). Via
increasing H-bonding weight fractions from 4% to 10% with MAA : 4VP at 1:1, the tensile
strength increased from 3.6 MPa to 11.6 MPa, while the strain at break decreases from
300% to 14%, indicating the dramatic impact of H-bonding on the blends. In addition, a
series of dynamic mechanical analysis (DMA) shows that blends with higher H-bonding
content (10 wt%) had the highest storage modulus at 25 oC (Figure 2.7a), consistent with
the tensile tests. However, with the same total fractions of H-bonding components (MAA5P4VP2 (30K) vs. MAA2-P4VP5 (30K)), the more the MAA (MAA5-P4VP2 (30K)), the
stronger the blend. This could be partially due to the existence of intrinsic H-bonding
among carboxylic acid units, while 4VP units do not possess.
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Table 2.3. Mechanical properties of H-bonded polymer blends with varied molecular weight of
P4VP. All blends use the following naming system: the copolymer name indicating the acid
monomer and its weight fraction in number (MAA2 and MAA5) and P4VP following by a number
indicating its weight fraction. The number in parenthesis refers to as the molecular weight P4VP.

Tg
o a
( C)

Stress at
Break (MPa)

Strain at
Break (%)

Toughness
(MJ/m3)

Storage
Modulus at
25oC (MPa)

MAA2-P4VP2

19

0.7  0.03

408  9

3.2  0.3

8.6

MAA2-P4VP5

22

0.7  0.05

391  14

2.6  0.3

--

MAA5-P4VP2

38

5.1  0.3

18  2

0.6  0.1

--

MAA5-P4VP5

42

3.1  0.2

91  13

3.3  0.1

199

MAA2-P4VP2

20

3.6  0.05

300  13

10.1  0.3

51

MAA2-P4VP5

23

5.1  0.1

290  9

14.5  0.3

--

MAA5-P4VP2

39

8.0  0.4

75  2

5.3  0.1

--

MAA5-P4VP5

43

11.6  0.3

14  0.5

1.2  0.0

202

MAA2-P4VP2

20

2.3  0.02

474  22

9.9  0.4

31

MAA2-P4VP5

24

4.7  0.05

267  14

11.1  0.2

--

MAA5-P4VP2

39

12.0  0.4

16  0.5

1.2  0.0

--

MAA5-P4VP5

43

17.0  0.9

7  0.2

0.8  0.0

390

Sample Code
(wt% in
Number)

Mn (Da)
(P4VP)

8,000

30,000

60,000

a

Tg values were obtained via DSC (2nd heating cycle).

We then explored two other P4VP homopolymers with different molecular weight: Mn
= 8,000 Da and Mn = 60,000 Da, which are respectively below and above the Me of P4VP.
In the case of Mn << Me, the blends with both low and high fractions of H-bonding
components exhibited very low tensile strength (< 3-5 MPa, Figure 2.5b). The storage
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modulus of these blends at 25 oC was low for all samples (< 200 MPa, Figure 2.7a).
However, when the molecular weight of P4VP is significantly higher than its Me, the blend
with the highest H-bonding fraction (MAA5-P4VP5 (60K)) became much more rigid. It
has an impressive 17MPa of tensile strength. This value is substantial, given the simplicity
of processing and easy availability of materials. Additionally, this blend sample also
exhibited the highest storage modulus of 390 MPa at 25 oC. Under low fraction of Hbonding components (4 wt%), this blend system with P4VP-60 did not show much
difference with those using low molecular weight P4VP (MAA2-P4VP2 (8K) vs. MAA2P4VP2 (60K)). In both cases, only soft and partially elastic bioplastics were obtained.
Additionally, DMA tests indicated that all samples underwent complete slippage at high
temperature and never reached a rubbery plateau.
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Figure 2.6. Stress-strain curves of polymer blends with variation in acid monomers used as Hbonding donors: (a) AA copolymers; (b) CEA copolymers.

Given the initial investigation, we concluded that the presence of highly entangled P4VP
(high Mn) could serve as efficient chain wrapping. We then focused on the use of P4VP
with Mn = 60,000 Da for further studies. In next steps, we considered to tune the
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compositions of H-bonding donors: the structures of acids. PAA is much more elastic than
PMAA. The blends with MAA as H-bonding donors are rigid, but very brittle. We
hypothesized that with the introduction of acrylic acid-type donors, it is possible to prepare
rigid and tough bioplastics. Table 2.4 lists mechanical properties of another set of blend
systems with AA as co-monomer unit with soybean monomer.
Table 2.4. Mechanical properties of H-bonded polymer blends with varied acid monomers. All
blends use the following naming system: the copolymer name indicating the acid monomer and its
weight fraction in number (AA2, AA5, CEA2, or CEA5) and P4VP following by a number
indicating its weight fraction. The number in parenthesis refers to as the molecular weight P4VP.

Tg
o a
( C)

Stress at
Break
(MPa)

Strain at
Break (%)

Toughness
(MJ/m3)

Storage
Modulus at
25oC (MPa)

AA2-P4VP2

-2

1.1  0.01

433 5

4.6  0.4

35

AA2-P4VP5

1

3.2 0.1

315 11

8.5  0.2

--

AA5-P4VP2

3

8.2 0.2

208 2

14.4  0.2

--

AA5-P4VP5

8

11.9 0.5

143 4

15.5  0.1

280

CEA2-P4VP2

-4

3.5  0.05

328  13

8.9  0.2

95

CEA2-P4VP5

-1

7.7  0.5

272  9

9.6  0.0

--

CEA5-P4VP2

1

10.8  0.3

238  7

14.9  0.0

--

CEA5-P4VP5

5

15.0  0.2

112  3

12.7  0.1

140

Sample Code
(wt% in
Number)

Mn (Da)
(P4VP)

60,000

60,000

a

Tg values were obtained via DSC (2nd heating cycle).
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Figure 2.7. DMA curves of polymer blends with various compositions of copolymers and P4VP:
(a) storage modulus; (b) loss modulus; (c) tan delta.
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According to differential scanning calorimetry (DSC), the Tgs (-2 ‒ 4 oC) in new
copolymers P(SBMA-co-AA) are much lower than those (19 ‒ 35 oC) in P(SBMA-coMAA) with acid donors in the range of 2-5wt%. In the blend with P4VP (60K), a low
fraction of H-bonding components (i.e. 4wt% in AA2-P4VP2), only a soft and elastic
polymer was obtained (Figure 2.6a). When the fraction increases to 10wt%, the blend has
tensile strength and strain-at-break respectively at ~12 MPa and ~140%. In addition, it was
observed with almost 20-time increase in toughness compared with an equivalent blend
using MAA (15.5 vs. 0.8 MJ/m3).
Given the long pendant fatty chains on SBMA units, there was a concern whether the
small AA units could be deeply surrounded by SBMA, leading to insufficient H-bonding
interactions between the acid and pyridine groups.124 To overcome such steric hindrance,
a longer acid monomer, CEA, was used. This copolymer, P(SBMA-co-CEA), would be
the softest of the three acid systems due to its ductile backbone and a longer, flexible side
chain. It turned out that this set of blend systems showed enhanced toughness (Figure
2.6b), especially when the fractions of H-bonding components are low. A blend with only
4wt% of CEA and 4VP possesses tensile strength as high as 3.5 MPa, about three times of
the AA-based blend system. A similar increase in mechanical properties was observed by
DMA for this sample, which has storage modulus of ~100 MPa, the highest among all
blends with 4 wt% H-bonding components. For the blend with 10wt% H-bonding
components (CEA5-P4VP5 (60K)), it displayed as a tough and elastic bioplastic, with
tensile strength and strain-at-break respectively at ~15 MPa and ~112%.

46

Self-Healing Properties
Reversible bonding, including H-bonding, has been utilized extensively in self-healing
polymeric systems.79, 127-129 Due to the presence of supramolecular polymer networks in
the blends, self-healing properties were expected. To test the self-healing of these blends,
films were placed into an oven at 50 oC, above the Tg of these materials and a temperature
at which the H-bonding is in the process of weakening (from SAXS data). Optical
microscopy was used to monitor the self-healing. Images were taken directly every hour
until full healing was observed (Figure 2.8).

(a)

CEA2-P4VP2 (60K)
CEA2-P4VP2healed (60K)
CEA5-P4VP5 (60K)
CEA5-P4VP5healed (60K)
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Figure 2.8. Self-healing of polymer blends: (a) Stress-strain curves of polymer blends, CEA2P4VP2 (60K) and CEA5-P4VP5 (60K), before and after healing; (b) Optical microscopy images
of polymer blends heated at 50 oC over 2 hours.

Both CEA-containing copolymers, CEA2-P4VP2 (60K) and CEA5-P4VP5 (60K),
appeared visually mended almost completely after two hours, though the former selfhealed faster due to the low level of H-bonding. Additionally, tensile testing was used to
evaluate the recovery of mechanical properties. Overall, both films exhibited a decrease in
elasticity and toughness, observed by a decrease in tensile stress and strain at break. When
tested, other films from MAA-containing and AA-containing copolymers could not mend
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even under higher temperature (80 oC) and longer time (> 48 h), indicating the critical role
of structures of H-bonding donors.
2.5 Discussion
Among various strategies we have developed to improve mechanical properties of
biobased polymers, the “supramolecular chain entanglement” strategy is aimed to combine
simplicity and robustness. It must consider both economics and sustainability. By varying
a few simple structural components in the polymer blends, including carboxylic acids,
molecular weight of wrapping polymers, and the level of H-bonding, the physically
crosslinked supramolecular microstructures can be well controlled, leading to highly
tailorable thermomechanical properties. We believe there are three major compositions that
could be tuned towards manipulation of mechanical properties of the polymeric systems in
this work, as illustrated in Figure 2.9.
(I) The level of physical crosslinking via H-Bonding (Figure 2.9a):
The goal in designing simple supramolecular H-bonding is to achieve physical
crosslinking, which could overcome the poor entanglement of matrix polymers. One could
utilize other H-bonding systems with much stronger association such as quadrupole Hbonding. However, the economics must be considered in the design. Additionally, the Hbonding fractions of carboxylic acids and pyridine need to be balanced. The lower fraction
leads to soft blends, while the higher composition results in brittle bioplastics. In addition,
the biomass component should be maximally used. In the current blend systems, a range
of fractions from 4wt% to 10wt% seems to be sufficient to induce various levels of physical
crosslinks that significantly enhance chain entanglements compared with simple soybean
oil-derived homopolymers.
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Figure 2.9. Illustration of varying chemical compositions on the molecular interactions of polymer
blends: (a) level of physical crosslinking via H-bonding; (b) entanglement by P4VP by changing
its molecular weight; (c) structures of H-bonding honors (acid monomers).

(II) The molecular weight of chain-wrapping polymers (Figure 2.9b):
The chain-wrapping polymer essentially serves as a type of entanglements to wrap
around biobased polymers, in addition to physical crosslinking via H-bonding. It is highly
preferred that both physical phenomena corroborate with each other. It is believed that
P4VP could achieve both roles in this system, providing its inherent entanglement ability
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and “chain wrapping” via its pyridine as a H-bonding acceptor. Therefore, the
entanglement present inherently in the P4VP portion of this system is important to the
mechanical properties of polymer blends. When low molecular weight P4VP (8 KDa) is
used, well below its Me (~30 KDa), the effect of chain wrapping would be minimal. Under
this scenario, the possible entanglement of PSMBA polymers could be only assisted by the
presence of H-bonding. As a result, mechanical properties are mostly inferior. When the
Mn of P4VP is increased to 30 KDa and then 60 KDa, the increasing entanglement of P4VP
and therefore chain wrapping enable the ability to dissipate stress in the blends, resulting
in mechanical enhancement.
(III) The chemical structures of H-Bonding donors (Figure 2.9c):
The structures for H-bonding donors not only control the physical crosslinking, but also
dictate the chain rigidity. With the use of carboxylic acids, methacrylic comonomer (MAA)
significantly increases the rigidity of copolymer, P(SBMA-co-MAA), resulting in fragility
of polymer blends. These blends behave like glassy thermoplastics with low strain-atbreak. When the copolymer backbone is softened using acrylic comonomer (AA), blends
have more flexibility for chain movement and are observed with more rubbery properties
(much higher strain at break and thus increased toughness). Lastly, the softest and most
ductile copolymer, P(SBMA-co-CEA), contains a soft backbone and a flexible side chain.
In addition to having benefits similar to AA copolymer, the flexible side chain would
facilitate more efficient H-bonding. Combining all together, CEA-containing blends
exhibit higher strength, strain, and toughness under all fractions of H-bonding, compared
with MAA and AA counterparts.
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2.6 Conclusions
In summary, this work demonstrated a new concept of “supramolecular chain
entanglement” that exploits H-bonding and physical entanglement to improve
thermomechanical properties of biobased polymers. Simple radical copolymerization was
employed for soybean oil-derived fatty monomer and (meth)acylic acid, the latter of which
serves as H-bonding donor to interact with a pyridine-based polymer that additionally
provides chain wrapping around unentangled fatty polymers. Despite poor chain
entanglement of plant oil-based homopolymers, control of macromolecular compositions
in these polymer blends was achieved through tuning acid donor structures, molecular
weight of chain wrapping polymers and the level of H-bonding. The dual effects of Hbonding and chain wrapping enable a substantial enhancement in mechanical properties of
biobased polymers. Given the availability of versatile supramolecular interactions together
with the ease of synthesis and atom economics, this strategy could pave a new path to
accessing high performance sustainable polymers and materials from renewable resources.
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3.1 Abstract
Biomass-based polymers show promise for the mitigation of environmental issues
associated with petroleum-derived commodity polymers; however, due to poor
entanglement, many of these polymers typically lack mechanical strength and toughness.
Herein, we report a facile strategy utilizing metal-ligand coordination to create physical
crosslinking and entanglements for plant oil-derived polymers. A series of soybean oilderived copolymers containing a pendant acid group can be easily synthesized using freeradical polymerization. The resulting chain architecture can be controlled through
supramolecular interactions to produce bioplastics with enhanced thermomechanical
properties. The metal-ligand coordination in this work can be varied by changing the metal
lability and the density of metal-ligand bonds, allowing for further control of properties.
The final bioplastics remain reprocessable and feature good thermoplastic and stimuliresponsive properties.
3.2 Introduction
Developing renewable sources for the production of sustainable bioplastics has become
increasingly important to address some of emerging issues toward a sustainable society.1-5
However, many biomass-derived polymers face challenges like high cost and inferior
performance in comparison to petroleum-sourced equivalents, limiting the competitiveness
of “green” polymers on the current industrial market.6 Plant oils have received great
attention as a renewable feedstock for manufacturing polymeric materials due to their low
cost and abundance.7-18 We and others have prepared a variety of plant oil-derived vinyl
polymers with diverse properties.17-20 Several of these polymers exhibit poor thermal and
mechanical properties, as observed with some other biomass polymers. Particularly,
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polymers containing bulky or long pendant groups have insufficient chain entanglement
(in other words, high chain entanglement molecular weight, Me). (Meth)acrylic polymers
derived from structurally bulky biomass have very high Me, such as soybean oil (>225
kg/mol), rosin acids (>90 kg/mol) and terpenes (>30 kg/mol),21-23 representing a significant
hurdle to achieving desirable mechanical properties. Various strategies have been directed
to overcome the low chain entanglements in these polymers by macromolecular
engineering on chain topologies and compositions.4, 21-45
Dynamic bonding is gaining attention in polymer science for its use as reversible
crosslinking.46-48 For example, many dynamic covalent chemistries, such as
transesterification and imine formation, are used to obtain vitrimers.49-52 However, with a
dependence on a limited number of reversible, thermally activated exchangeable bonds,
vitrimers can be difficult to develop and apply to wide array of materials. Alternatively,
non-covalent dynamic bonding, such as supramolecular interactions, presents a facile
strategy for incorporation into polymeric materials.53, 54 Due to their reversible nature,
supramolecular interactions, including hydrogen bonding, pi-pi stacking, and metal-ligand
coordination allow for unique tailoring of materials.29, 30, 55
Metal-ligand coordination has been widely used in preparing polymeric materials due
to the versatility of metal-ligand pairing.40, 54, 56 Through cleverly designed macromolecular
engineering, ligands can be incorporated onto both polymer main and side chains.57-60 The
dynamic interaction of metal-ligand coordination allows for a simple switch between linear
thermoplastics and crosslinked counterparts, providing enhancement in thermomechanical
properties similar to thermoset materials.61 Stronger bonding ligands, such as terpyridine,
have even been used to synthesize ultra-high molecular weight main chain polymers

59

through coordination of the polymer end groups.62 However, most syntheses for these
ligands require multiple steps making them less scalable.
The use of commercially available monomers that can serve as ligands is of increasing
interest to the polymer community. Monomers that include groups such as pyridines and
carboxylates have shown promise.40, 63 Specifically, bivalent transition metal complexes
have gained the attention of researchers due to the diversity and variety of properties in the
resulting polymer. The stability of metal-ligand complexes using bivalent metal ions of the
first transition series follows the Irving-Williams order: Mn2+ < Fe2+ < Co2+ < Ni2+ < Cu2+
> Zn2+, irrespective of the nature of ligands.64 This order takes into account the ionic radii,
ionic charge, and ligand field stabilization energy (LFSE) for the given metal-ligand
pairing.65, 66 Using a carboxylate bidentate ligand like acetate or propionate, Group II
elements, such as calcium, are more labile than the above transition metals and are thus
used extensively in soft materials like hydrogels.56, 67, 68 Comparatively, d-block transition
metals are capable of forming stronger interactions (pseudo-covalent in some cases) with
ligands.69, 70
In this work, metal-ligand coordination is conceptualized to enhance mechanical
properties of biobased polymers by introducing dynamic crosslinking thus increasing chain
entanglements (Scheme 1). Specifically, we introduced soybean oil-derived copolymers
with acid groups that can coordinate with metal ions. The metal-ligand coordination can
serve as “crosslinking junctions” to dissipate stress and prevent chain slippage, leading to
improved mechanical properties such as higher tensile strength and toughness.
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Figure 3.1. Synthesis of soybean oil-based copolymeric materials via metal-ligand coordination.
Free-radical copolymerization of soybean methacrylate (SBMA) and 2-carboxy ethyl acrylate
(CEA) was followed by coordination with metal ions.

3.3 Experimental
Materials
Plenish high oleic soybean oil (HOSO) was provided by Pioneer. Azobisisobutyronitrile
(AIBN, 98%, Sigma Aldrich) was recrystallized from methanol twice prior to use. Soybean
methacrylate (SBMA) was synthesized following a previously published procedure.21 2Carboxyethyl acrylate oligomers (anhydrous, CEA), copper(II) acetate monohydrate (ACS
reagent, ≥ 98%), and zinc(II) acetate dihydrate (ACS reagent, ≥ 98%) were all purchased
from Sigma Aldrich. Monomers were run through basic alumina to remove inhibitors. All
other reagents were from commercial sources and used as received unless otherwise
mentioned.
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Synthesis of SBMA Copolymers
The following procedure was used for synthesizing copolymer CEA5; similar
procedures were followed for other copolymers containing different fractions of CEA.
SBMA (7 g, 0.017 mol), CEA (0.7 g, 0.0049 mol) and AIBN (35 mg, 0.21 mmol) were
placed in a 50 mL round bottom flask and dissolved in toluene (14 mL). The flask was
sealed, purged with nitrogen for 15 min, and placed in an 80 oC oil bath. After 16 h, the
polymer was poured into cold methanol. The resulting polymer was precipitated twice into
methanol and dried for 24 h in a 50 oC vacuum oven.
Synthesis of Metal-Coordinated Copolymers
Copolymer (PSBMA-co-CEA) was dissolved in chloroform. Metal acetate (copper(II)
or zinc(II)) was added to the solution. Methanol was added to help dissolve the metal salt.
The final solution was sonicated for 5 min, degassed, and poured into a Teflon mold. The
solvent was evaporated at room temperature over 72 h, 24 h under vacuum at room
temperature, and 24 h under vacuum at 60 oC.
Characterization
300 MHz 1H NMR spectra were recorded on a Bruker Avance III HD 300 spectrometer
using CDCl3 as solvent with tetramethylsilane (TMS) as an internal reference. Molecular
weight and molecular weight distribution of polymers were determined by gel permeation
chromatography (GPC) on a Waters system equipped with a 515 HPLC pump, a 2410
refractive index detector, and three Styragel columns (HR1, HR3, HR5E in the effective
molecular weight range of 100-5000 g/mol, 500-30,000 g/mol, and 5000-500,000 g/mol,
respectively) with HPLC-grade tetrahydrofuran (THF) as the eluent at 30 oC and a flow
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rate of 1.0 mL/min. THF and polymer solutions were filtered through microfilters with an
average pore size of 0.2 mm. The columns were calibrated against polystyrene standards.
GPC samples were prepared by dissolving the sample in THF with a concentration of 5.0
mg/mL and passing through microfilters with an average pore size of 0.2 mm. Glass
transition temperature (Tg) of polymers was tested through differential scanning
calorimetry (DSC) conducted on a DSC 2000 instrument (TA Instruments). Samples were
first heated from -70 to 200 oC at a rate of 10 oC/min. After cooling down to -70 oC at the
same rate, the data was collected from the second heating scan. About 8 mg of each sample
was used for the DSC test under nitrogen gas at a flow rate of 50 mL/min. Fourier transform
infrared spectrometry (FTIR) spectra were taken on a PerkinElmer spectrum 100 FTIR
spectrometer. Dried film samples were used for measurements. Microscopy images were
taken using a Leica DM750 microscope equipped with a mounted EC3 camera. Selfhealing experiments involved damaging films using a standard razor blade to cut films. A
new razor blade was used for each experiment. Tensile stress-strain testing was carried out
with an Instron 5543 A testing instrument. Films were prepared by casting solution (1.2
g/film) in a Teflon mold as described above. Dog-bone shaped specimens were cut from
the cast film with a length of 20 mm and width of 5.0 mm. The thickness was measured
prior to each measurement. Testing was done at room temperature with a crosshead speed
of 20 mm/min. Five replicate samples were used to obtain an average value for each.
Dynamic thermomechanical analysis (DMA) was performed by using a Q800 DMA from
TA Instruments. Samples were rectangles with dimensions 12 mm length, 5 mm width,
and 0.3 mm thickness. The DMA curves were obtained by scanning at a frequency of 1 Hz
and a heating rate of 3 oC/min from -50 to 120 oC. Stress relaxation experiments were
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conducted on DMA at temperature in the range of 35 to 75 oC. Samples were first heated
to the desired temperature and equilibrated for 5 minutes. A strain of 1% was applied and
stress was recorded. All the shape memory tests were carried out in a stress-controlled thin
film tension mode on a NETZSCH DMA 242 instrument. Shape fixity was determined
using equation 1
(1)

𝑅𝑓 =

𝜀𝑢

× 100%

𝜀𝑚

where Ɛm is the strain after stretching and fixing for temporary shape, and Ɛu is the strain
after removal of stress. Shape fixity ratio was calculated using equation 2
(2)

𝑅𝑟1 =

𝜀𝑟
𝜀𝑢

× 100%

where Ɛr is the strain after recovery from temporary shape.
3.4 Results and Discussion
Preparation of Copolymers with Metal-Ligand Coordination
Both soybean methacrylate monomer (SBMA) and its polymer (PSBMA) have been
reported previously.4, 14, 15, 71 The details of synthesis and characterization are provided in
experimental and supporting information. PSBMA is a soft polymer with low glass
transition temperature (Tg = ‒6 oC). In this work, a library of soybean oil-based copolymers
was synthesized via free radical copolymerization of SBMA with carboxylic acidcontaining comonomers (Figure 3.1). Acid comonomers were chosen for promoting the
metal-ligand coordination. Instead of simple acrylic acid or methacrylic acid that could be
embedded within the long fatty chain of PSBMA, we chose 2-carboxyethyl acrylate (CEA)
due to the presence of pendent -CH2CH2CO2- moieties that could better facilitate acid
group coordination with metal ions. The monomer is a mixture of 2-carboxyethyl acrylate
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oligomers with average molecular weight of 170 Da (CH2=CHCO2(CH2CH2CO2)nH, n =
0‒3).
Table 3.1. Characterization of soybean oil homopolymer and copolymers containing acid
monomer CEA.

Polymer code

Wt% CEAa

Mole% CEAa

Mn (KDa)b

Ðb

PSBMA

0

0

43.4

1.78

CEA2

2

4.7

45.6

2.18

CEA5

5

11.2

32.9

2.64

CEA10

10

21.0

30.6

2.57

CEA20

20

37.4

30.5

2.61

a

Weight and molar content of CEA were calculated via 1H NMR. bMolecular weight (Mn) and molecular
weight distribution (Ð) were characterized via GPC.

Complete characterization of these copolymers is summarized in Table 3.1. Each
copolymer is labeled as “CEA” followed with the weight fraction of CEA in the copolymer.
All copolymers have molecular weight (Mn) in the range of 30,000-45,000 Da with similar
dispersity (Ð), regardless of compositions. Copolymers were first dissolved in chloroform
and then added with metal salt. Depending on the amount of salt in the solution, the addition
of methanol improved solubility (<10% by volume). Resultant metal salt-copolymer
solutions displayed an increased viscosity, implying the formation of metal-ligand
coordination. After drying, all copolymer films were transparent. It is also worth noting
that good miscibility was achieved with no formation of metal ionic clusters, despite
incorporating high polarity metal salts in such a non-polar matrix.
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Figure 3.2. FTIR spectra of (a) CEA20 and CEA20Cu; (b) C=O stretching peaks in different
functional groups between 1775-1550 cm-1 in samples CEA20, CEA5Cu, CEA10Cu, and
CEA20Cu.

Fourier transform infrared (FTIR) spectroscopy was used to track the metal-ligand
coordination between salts and copolymers (Figure 3.2). When acid groups in a copolymer
are coordinated with metal ions, there is only a carboxylate C=O stretching peak present
(1604 cm-1), compared with an additional carboxylic acid C=O stretching peak (1699 cm1

) in the copolymers. Additionally, there is a slight shift in the amide C=O stretching peak.

In the copolymer, the amide is associated with the acid monomers by hydrogen bonding,
with a peak at 1649 cm-1. However, after the metal ion coordinates with acid, these amides
are freed, as indicated by the peak shift to 1643 cm-1. Copolymers are referred to by the
names in Table 3.1. When coordinated with metal, it is labeled with the metal after the
copolymer name, i.e. CEA10Cu is a copolymer of CEA10 coordinated with copper. Metalcoordinated copolymers contain an optimized metal-to-acid ratio of 1:2, unless otherwise
noted.
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Thermomechanical Properties
The introduction of metal-ligand coordination in copolymers resulted in a change of
thermal properties, e.g. glass transition temperature. Compared with homopolymer
PSBMA, copolymers with CEA were observed with a small increase in Tg (from -6 to
between -5 – 1 oC). When coordinated with metal ions, a significant increase in Tg was
observed (66 oC and 69 oC for CEA20Cu and CEA20Zn respectively).
Tensile test and dynamic mechanical analysis (DMA) were performed to understand the
effect of metal-acid coordination on mechanical properties. Firstly, tensile testing was used
to investigate the optimized metal-acid ratio for all copolymers with copper and zinc ions
(Figure 3.3a and 3.3b). The optimal metal-acid ratio was determined as 1:2 for both
metals, which led to the best ductility and toughness. It is worth noting that a 1:2 ratio is
consistent with the metal-ligand ratios in copper(II) acetate and zinc(II) acetate salts,
Cu2(CH3COO)4 and Zn4(CH3OO)8.72 Alternatively, adjusting the ratios could be utilized
to tailor properties toward either elasticity or stiffness. Increasing metal content resulted in
reduction of strain and toughness, but increase in strength and stiffness. For example, an
increase from 1:2 to 1:1 in CEA10Zn reduced strain from 101.5% to 32% and toughness
from 5.95 MJ/m3 to 3.1 MJ/m3, but did result in an increase in tensile strength from 7.9
MPa to 10.5 MPa and Young’s modulus from 13 MPa to 185 MPa, an over ten times
increase (Figure 3.3b). Whereas at lower metal ratios, e.g. 1:3, there was a sacrifice in
tensile strength with a reduction from 7.9 to 4 MPa that accompanies an increase in
elasticity from 101% to 158% for CEA10Zn.
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Figure 3.3. Stress-strain curves of metal-ligand coordinated copolymers using various metal-toligand ratios in copolymer CEA10 coordinated with (a) copper and (b) with zinc; Copolymers with
various contents of acid coordinated with (c) copper and (d) zinc, with a metal-to-ligand ratio of
1:2.

Metal ions play a critical role in dictating properties of copolymers (Table 3.2).
Copolymers with copper ion were typically stiffer at higher contents of acid. Tensile stress
was much higher for copper-coordinated copolymers (13.8 MPa and 7.2 MPa for
CEA10Cu and CEA20Cu respectively), whereas zinc-coordinated copolymers have only
about half the values (7.9 MPa and 4.5 MPa for CEA10Zn and CEA20Zn respectively).
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Table 3.2. Mechanical properties from tensile testing of metal-ligand coordinated copolymers with
a metal-to-acid ratio of 1:2.

Polymer

Tensile stress
(MPa)

Tensile strain
(%)

Young’s
Modulus (MPa)

Toughness
(MJ/m3)

CEA5Cu

4.3 (± 0.1)

217.5 (± 13)

4.4 (± 0.01)

6.17 (± 0.1)

CEA10Cu

13.8 (± 1)

65.4 (± 4)

59.6 (± 0.3)

6.31 (± 0.01)

CEA20Cu

7.2 (± 0.5)

51.3 (± 5)

47.4 (± 0.1)

2.96 (± 0.4)

CEA5Zn

4.3 (± 0.2)

215.7 (± 22)

19.3 (± 0.01)

8.28 (± 0.2)

CEA10Zn

7.9 (± 0.6)

101.5 (± 12)

13.0 (± 0.05)

5.95 (± 0.07)

CEA20Zn

4.5 (± 0.1)

177.6 (± 10)

16.1 (± 0.01)

5.93 (± 0.1)

At lower levels of metal-ligand coordination, zinc coordination resulted in stiffer
materials. As shown in Figure 3.3c and 3.3d, copolymers with 5 wt% of acid content,
CEA5Zn and CEA5Cu, have similar tensile stress (~4 MPa) and strain (~215%); however,
the zinc sample is significantly stiffer with a Young’s modulus of 19.3 MPa, over 4 times
that of CEA5Cu (4.4 MPa). These differences in properties can be explained by the
structure and strength of the coordination systems. Copper(II) acetate forms a smaller
complex between two copper groups containing a central Cu-Cu bond, resulting in a
stronger pseudo-covalent bond.72 This system thus interacts better with a higher ligand
density, as the final metal-ligand coordination requires a close proximity of ligands to
arrange properly. Alternatively, zinc(II) acetate has a very large cage-like structure
between four zinc groups.73 When ligand density is low, as is the case in CEA5Zn, zinc
ions are able to bridge the gap between propionate-type groups more easily than copper.
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Additionally, zinc forms weaker metal-ligand bonds than copper, behaving similarly to
traditional supramolecular bonds.64 Importantly, this difference in bond strength affects
both thermomechanical properties and stimuli-responsive behavior of these systems, which
is discussed later.
On the other hand, the trend of toughness is difficult to predict. There are two potential
issues: (1) the increase of metal-ligand coordination enhances strength, but also
simultaneously decreases the strain, which may justify the trend when complexes increase
from 5% to 10%; (2) further increase of the fraction of metal-ligand complexes would
encounter miscibility challenges, as such increase should have a limit (20% complexes may
have such an issue).
DMA was used to further explore the viscoelastic properties of copolymers (Figure
3.4). Storage modulus for all films was above 1 MPa at 25 oC, indicating good mechanical
properties would be maintained at room temperature. However, there was storage modulus
failure with no rubbery plateau observed for copolymers with the decreased metal-ligand
coordination (CEA5Cu, CEA5Zn and CEA10Zn). Samples began to melt as they
underwent complete chain slippage, occurring at around 80 oC for both sets of copolymers.
Overall, the metal-ligand coordination imparted copolymers with tough and elastic
properties.
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Figure 3.4. DMA spectra of metal-ligand coordinated copolymers with a metal-to-acid ratio of 1:2,
(a) storage modulus, (b) loss modulus, and (c) tan delta.
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Processability of Copolymers with Metal-Ligand Coordination
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Figure 3.5. (a) Reprocessing of copolymers by dissolving polymer, removing metal using EDTA,
and reprocessing into new samples. (b) Tensile curve of reprocessed sample after complete saltremoval and repeated complexation. (c) Dissolution of copper and zinc coordinated copolymers in
a variety of solvents. Films noted with an asterisk did not dissolve after 30 days.

Due to the dynamic non-covalent interactions of metal-ligand coordination, the
copolymers should remain processable. The ability to be reprocessed and remolded into
new samples is a hallmark trait of thermoplastics and an important attribute to many
industrially relevant polymeric materials. As the metal-ligand coordination in our two
systems is very different in coordination strength, we expected to see differences in their
reprocessability. Overall, copper films took longer to dissolve and only dissolved in
coordinating solvents, particularly when heated or in presence of other ligands (HCl, NH3)
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(Figure 3.5). Zinc films, on the other hand, dissolved much faster into solvents. Once
dissolved, films with either metal could be directly recast into films with similar properties.
It was also possible to dissolve films, extract the metal using EDTA, and reprocess them
into new samples; either as plain copolymer films or samples featuring varying metals or
ratios (Figure 3.5a). The ability to remain reprocessable with good mechanical properties
and the capacity to recycle the metal-ligand coordination show promise for tailoring this
approach to desirable applications and helping mitigate market dependence on current
petroleum-sourced thermoplastics.
Stimuli-Responsive Properties of Copolymers
With the presence of physical crosslinking, it was expected that these copolymers may
exhibit stimuli-responsive behavior. The reversible nature of the metal-ligand coordination
would allow the breakage and reformation the metal-acid bond under thermal (increased
temperature) or chemical (solvent) stress. Before testing stimuli-responsive properties,
DMA was used to determine bond lability.
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Figure 3.6. Stress relaxation experiments of (A) CEA20Cu and (B) CEA20Zn at varying
temperatures.

73

CEA20Cu

5
4

4

Ln τ (s)

Ln τ (s)

CEA20Zn

5

3
y = 6.3347x - 16.233
R² = 0.9908

2
1

3
y = 3.2194x - 6.4746
R² = 0.9502

2
1

0

0
2.6

2.8

3
1/T (K-1)

3.2

3.4

2.6

2.8

3
1/T (K-1)

3.2

3.4

Figure 3.7. Stress relaxation time (τ) vs. 1/T for (a) CEA20Cu and (b) CEA20Zn. Follows an
Arrhenius law: 1/τ= 1/τo e^(-Ea/RT), where τo is constant (s), Ea is activation energy (J/mol), R is
the ideal gas constant (8.314472 J/mol*K), and T is temperature (K). Activation energy is
determined from the slope Ea/R.55 For copper this is 52.7 kJ/mol, while for zinc this is 26.8 kJ/mol.

Stress relaxation studies were performed in a tension mode, utilizing thermally induced
polymer plasticity to track the ability of a sample to recover over time (Figure 4). Both
samples were observed with a similar initial rate of relaxation due to the presence of
dynamic coordinated crosslinks. CEA20Zn was able to undergo full stress relaxation at all
three temperature, whereas CEA20Cu could not undergo full relaxation until starting at 50
o

C. The recovery time at a range of temperature follows a Maxwell behavior and can be

plotted using an Arrhenius relationship to determine activation energy – i.e., the energy
required to break and reform the dynamic bonds (Figure S9). As expected by its difficulty
reaching full relaxation at lower temperature, copper-coordinated films were stronger and
required more energy to break the bond (~56 kJ/mol) than zinc-containing films (~26
kJ/mol) (Figure 4). Films with higher metal-ligand coordination density also took longer
to fully stress relax, as more dynamic bonds needed to be broken and reformed in these
samples (Figure S10). Unfortunately, due to the viscoelastic nature of the copolymers,
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similar tension-based stress relaxation studies could not be performed on the copolymers
for comparison.
Self-healing studies were performed on metal-coordinated copolymers. As discussed
previously, the zinc bonds are significantly more labile than copper and are therefore
expected to show better self-healing behavior, which was confirmed as zinc films displayed
a complete self-healing in 2-5 hours at 70 oC. Optical microscopy was used to confirm that
self-healing occurred, while tensile testing revealed no mechanical loss (Figure 3.8).
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Figure 3.8. (a) Stress-strain curves of CEA5Zn, CEA10Zn, and CEA20Zn films before-cut and
after-healed at 70 oC for 5 h. (b) Optical microscopy images of these films comparing cut film
samples and self-healed film surfaces.

Films did see an increase in stiffness and strength, which is attributed to minor thermal
crosslinking of the soybean chains. Films with higher metal-ligand density (CEA20Zn)
were able to recover faster than those with lower density (CEA10Zn and CEA5Zn), as
more bonds are present at the breakage site to allow for the reformation of necessary metalligand coordination. However, no self-healing was evident for copper films, even at
elevated temperatures up to 120 oC where a rubbery plateau was reached. Due to the
pseudo-covalent nature of the copper complex, the lack of self-healing is not surprising.74
Copper-acetate bonds are likely too strong to break and reform on a reasonable time scale
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to fully heal the materials. Additionally, the unit cell of the copper-acetate complex is
significantly smaller than its zinc counterpart and needs closer proximity to ligands to
reform, potentially limiting healing on a macroscale deformation such as ours.
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Figure 3.9. Dual (stress- and temperature-) programmed shape memory testing of (a) CEA5Cu,
(b) CEA10Cu, (c) CEA20Cu, and (d) CEA20Zn.

Shape memory behavior was also studied. Thermal-responsive shape memory uses two
networks, a permanent network and a dynamic network.75-77 The permanent network relies
on strong (typically covalent) bonds to switch back from the temporary to permanent shape.
The temporary network relies on dynamic interactions, such as supramolecular
interactions, in combination with other responses such as glass transition or crystallization
temperature for thermal response.78, 79 As confirmed from the self-healing studies, the
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copper-ligand coordination is strong and could serve as a permanent network, while glass
transition could be used to tune the temporary shape. As zinc coordination is much weaker
especially when heated, we expected that zinc films would not display good shape memory.
To test the shape memory behavior of metal-coordinated copolymers, we used dualprogrammed (temperature and stress) DMA (Figure 3.9). All samples have good shape
fixity (>95%). However, these samples showed poor shape recovery (~65% for all copper
films, regardless of compositions, and 35% for CEA20Zn).
3.5 Conclusions
In summary, we developed a facile strategy that utilizes metal-ligand coordination to
overcome poor chain entanglement and obtain mechanically enhanced biobased
copolymers. In this system, the metal-ligand coordination behaves as crosslinking
junctions, achieving remarkable improvement in thermomechanical properties. Coppercoordinated copolymers were observed with a marked increase in tensile strength and
stiffness by increasing the metal-ligand density, significantly stronger than their zinc
counterparts and consistent with the stronger bonding strength as confirmed by DMA
studies. This stronger bond prevented self-healing properties of the copper films.
Conversely, the zinc-carboxylate bonds were determined to be much weaker, which
facilitated self-healing of the polymeric films. Overall, through the control of metal-ligand
density, ligand availability, and coordination strength, thermomechanical properties and
resultant stimuli-responsive properties can be tuned. This strategy is facile and could be
customized to other biomass polymers.
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Derived from Soybean Oil. Macromolecules 2011, 44, 7149-7157.
14. Yuan, L.; Zhang, Y.; Wang, Z.; Han, Y.; Tang, C. Plant Oil and Lignin-Derived
Elastomers Via Thermal Azide-Alkyne Cycloaddition Click Chemistry. ACS
Sustainable Chem. Eng. 2018, 10.1021/acssuschemeng.8b05617.
15. Wang, Z.; Yuan, L.; Ganewatta, M. S.; Lamm, M. E.; Rahman, M. A.; Wang, J.; Liu,
S.; Tang, C. Plant Oil-Derived Epoxy Polymers toward Sustainable Biobased
Thermosets. Macromol. Rapid Commun. 2017, 38, 1700009.
16. Xu, S. C.; Lamm, M. E.; Rahman, M. A.; Zhang, X. Z.; Zhu, T. Y.; Zhao, Z. D.; Tang,
C. B. Renewable Atom-Efficient Polyesters and Thermosetting Resins Derived from
High Oleic Soybean Oil. Green Chem. 2018, 20, 1106-1113.
17. Tarnavchyk, I.; Popadyuk, A.; Popadyuk, N.; Voronov, A. Synthesis and Free Radical
Copolymerization of a Vinyl Monomer from Soybean Oil. ACS Sustainable Chem.
Eng. 2015, 3, 1618-1622.
18. Chernykh, A.; Alam, S.; Jayasooriya, A.; Bahr, J.; Chisholm, B. J. Living
Carbocationic Polymerization of a Vinyl Ether Monomer Derived from Soybean Oil,
2-(Vinyloxy)Ethyl Soyate. Green Chem. 2013, 15, 1834-1838.
19. Yuan, L.; Wang, Z. K.; Trenor, N. M.; Tang, C. B. Amidation of Triglycerides by
Amino Alcohols and Their Impact on Plant Oil-Derived Polymers. Polym. Chem.
2016, 7, 2790-2798.
20. Yuan, L.; Wang, Z. K.; Trenor, N. M.; Tang, C. B. Robust Amidation Transformation
of Plant Oils into Fatty Derivatives for Sustainable Monomers and Polymers.
Macromolecules 2015, 48, 1320-1328.
21. Ding, W.; Wang, S.; Yao, K.; Ganewatta, M. S.; Tang, C.; Robertson, M. L. Physical
Behavior of Triblock Copolymer Thermoplastic Elastomers Containing Sustainable

79

Rosin-Derived Polymethacrylate End Blocks. ACS Sustainable Chem. Eng. 2017, 5,
11470-11480.
22. Ganewatta, M. S.; Ding, W.; Rahman, M. A.; Yuan, L.; Wang, Z.; Hamidi, N.;
Robertson, M. L.; Tang, C. Biobased Plastics and Elastomers from Renewable Rosin
Via “Living” Ring-Opening Metathesis Polymerization. Macromolecules 2016, 49,
7155-7164.
23. Wang, S.; Kesava, S. V.; Gomez, E. D.; Robertson, M. L. Sustainable Thermoplastic
Elastomers Derived from Fatty Acids. Macromolecules 2013, 46, 7202−7212.
24. Shin, J.; Lee, Y.; Tolman, W. B.; Hillmyer, M. A. Thermoplastic Elastomers Derived
from Menthide and Tulipalin A. Biomacromolecules 2012, 13, 3833-3840.
25. Rahman, M. A.; Lokupitiya, H. N.; Ganewatta, M. S.; Yuan, L.; Stefik, M.; Tang, C.
Designing Block Copolymer Architectures toward Tough Bioplastics from Natural
Rosin. Macromolecules 2017, 50, 2069-2077.
26. Wang, Z.; Yuan, L.; Trenor, N. M.; Vlaminck, L.; Billiet, S.; Sarkar, A.; Prez, F. E.
D.; Stefik, M.; Tang, C. Sustainable Thermoplastic Elastomers Derived from Plant Oil
and Their “Click-Coupling” Via Tad Chemistry. Green Chem. 2015, 17, 3806–3818.
27. Yuan, L.; Wang, Z.; Ganewatta, M. S.; Rahman, M. A.; Lamm, M. E.; Tang, C. A
Biomass Approach to Mendable Bio-Elastomers. Soft Matter 2017, 13, 1306-1313.
28. Song, L. Z.; Wang, Z. K.; Lamm, M. E.; Yuan, L.; Tang, C. B. Supramolecular
Polymer Nanocomposites Derived from Plant Oils and Cellulose Nanocrystals.
Macromolecules 2017, 50, 7475-7483.
29. Brunsveld, L.; Folmer, B. J. B.; Meijer, E. W.; Sijbesma, R. P. Supramolecular
Polymers. Chem. Rev. 2001, 101, 4071-4097.
30. Yang, L.; Tan, X.; Wang, Z.; Zhang, X. Supramolecular Polymers: Historical
Development, Preparation, Characterization, and Functions. Chem. Rev. 2015, 115,
7196−7239.
31. Binder, W. H.; Bernstorff, S.; Kluger, C.; Petraru, L.; Kunz, M. J. Tunable Materials
from Hydrogen-Bonded Pseudo Block Copolymers. Adv. Mater. 2005, 17, 2824-2828.

80

32. Noro, A.; Nagata, Y.; Takano, A.; Matsushita, Y. Diblock-Type Supramacromolecule
Via Biocomplementary Hydrogen Bonding. Biomacromolecules 2006, 7, 1696-1699.
33. Sontjens, S. H. M.; Renken, R. A. E.; Gemert, G. M. L. v.; Engels, T. A. P.; Bosman,
A. W.; Janssen, H. M.; Govaert, L. E.; Baaijens, F. P. T. Thermoplastic Elastomers
Based on Strong and Well-Defined Hydrogen-Bonding Interactions. Macromolecules
2008, 41, 5703-5708.
34. Razgoniaev, A. O.; Mikhailov, K. I.; Obrezkov, F. A.; Butaeva, E. V.; Ostrowski, A.
D. Supramolecular Elastomers: Switchable Mechanical Properties and Tuning
Photohealing with Changes in Supramolecular Interactions. J. Polym. Sci., Part A:
Polym. Chem. 2018, 56, 1003-1011.
35. Sautaux, J.; Montero de Espinosa, L.; Balog, S.; Weder, C. Multistimuli,
Multiresponsive Fully Supramolecular Orthogonally Bound Polymer Networks.
Macromolecules 2018, 51, 5867-5874.
36. Freitas, L. L. d. L.; Stadler, R. Thermoplastic Elastomers by Hydrogen Bonding. 3.
Interrelations

between

Molecular

Parameters

and

Rheological

Properties.

Macromolecules 1987, 20, 2478-2485.
37. Enke, M.; Bode, S.; Vitz, J.; Schacher, F. H.; Harrington, M. J.; Hager, M. D.;
Schubert, U. S. Self-Healing Response in Supramolecular Polymers Based on
Reversible Zinc–Histidine Interactions. Polymer 2015, 69, 274-282.
38. Enke, M.; Bose, R. K.; Bode, S.; Vitz, J.; Schacher, F. H.; Garcia, S. J.; van der Zwaag,
S.; Hager, M. D.; Schubert, U. S. A Metal Salt Dependent Self-Healing Response in
Supramolecular Block Copolymers. Macromolecules 2016, 49, 8418-8429.
39. Liu, J.; Tan, C. S.; Yu, Z.; Lan, Y.; Abell, C.; Scherman, O. A. Biomimetic
Supramolecular Polymer Networks Exhibiting Both Toughness and Self-Recovery.
Adv. Mater. 2017, 29, 1604951.
40. Tang, Z.; Huang, J.; Guo, B.; Zhang, L.; Liu, F. Bioinspired Engineering of Sacrificial
Metal–Ligand Bonds into Elastomers with Supramechanical Performance and
Adaptive Recovery. Macromolecules 2016, 49, 1781-1789.

81

41. Whittell, G. R.; Hager, M. D.; Schubert, U. S.; Manners, I. Functional Soft Materials
from Metallopolymers and Metallosupramolecular Polymers. Nat Mater 2011, 10,
176-88.
42. Yang, Y.; Urban, M. W. Self-Healing Polymeric Materials. Chem. Soc. Rev. 2013, 42,
7446-7467.
43. Jiang, Z. C.; Xiao, Y. Y.; Kang, Y.; Pan, M.; Li, B. J.; Zhang, S. Shape Memory
Polymers Based on Supramolecular Interactions. ACS Appl. Mater. Interfaces 2017,
9, 20276-20293.
44. Mozhdehi, D.; Ayala, S.; Cromwell, O. R.; Guan, Z. Self-Healing Multiphase
Polymers Via Dynamic Metal-Ligand Interactions. J. Am. Chem. Soc. 2014, 136,
16128-31.
45. Zhang, X.; Tang, Z.; Guo, B.; Zhang, L. Enabling Design of Advanced Elastomer with
Bioinspired Metal-Oxygen Coordination. ACS Appl. Mater. Interfaces 2016, 8, 3252032527.
46. Rowan, S. J.; Cantrill, S. J.; Cousins, G. R. L.; Sanders, J. K. M.; Stoddart, J. F.
Dynamic Covalent Chemistry. Angew. Chem. Int. Ed. 2002, 41, 898-952.
47. Maeda, T.; Otsuka, H.; Takahara, A. Dynamic Covalent Polymers: Reorganizable
Polymers with Dynamic Covalent Bonds. Prog. Polym. Sci. 2009, 34, 581-604.
48. Zhang, Z. P.; Rong, M. Z.; Zhang, M. Q. Polymer Engineering Based on Reversible
Covalent Chemistry: A Promising Innovative Pathway Towards New Materials and
New Functionalities. Prog. Polym. Sci. 2018, 80, 39-93.
49. Denissen, W.; Winne, J. M.; Du Prez, F. E. Vitrimers: Permanent Organic Networks
with Glass-Like Fluidity. Chem. Sci. 2016, 7, 30-38.
50. Brutman, J. P.; Delgado, P. A.; Hillmyer, M. A. Polylactide Vitrimers. ACS Macro
Lett. 2014, 3, 607-610.
51. Zhao, S.; Abu-Omar, M. M. Recyclable and Malleable Epoxy Thermoset Bearing
Aromatic Imine Bonds. Macromolecules 2018, 51, 9816-9824.

82

52. Song, F.; Li, Z.; Jia, P.; Zhang, M.; Bo, C.; Feng, G.; Hu, L.; Zhou, Y. Tunable “Soft
and Stiff”, Self-Healing, Recyclable, Thermadapt Shape Memory Biomass Polymers
Based on Multiple Hydrogen Bonds and Dynamic Imine Bonds. Journal of Materials
Chemistry A 2019, 7, 13400-13410.
53. Rao, Y.-L.; Feig, V.; Gu, X.; Nathan Wang, G.-J.; Bao, Z. The Effects of Counter
Anions on the Dynamic Mechanical Response in Polymer Networks Crosslinked by
Metal–Ligand Coordination. J. Polym. Sci., Part A: Polym. Chem. 2017, 55, 31103116.
54. Mozhdehi, D.; Neal, J. A.; Grindy, S. C.; Cordeau, Y.; Ayala, S.; Holten-Andersen,
N.; Guan, Z. Tuning Dynamic Mechanical Response in Metallopolymer Networks
through Simultaneous Control of Structural and Temporal Properties of the Networks.
Macromolecules 2016, 49, 6310-6321.
55. Wei, P.; Yan, X.; Huang, F. Supramolecular Polymers Constructed by Orthogonal
Self-Assembly Based on Host-Guest and Metal-Ligand Interactions. Chem. Soc. Rev.
2015, 44, 815-32.
56. Grindy, S. C.; Learsch, R.; Mozhdehi, D.; Cheng, J.; Barrett, D. G.; Guan, Z.;
Messersmith, P. B.; Holten-Andersen, N. Control of Hierarchical Polymer Mechanics
with Bioinspired Metal-Coordination Dynamics. Nat Mater 2015, 14, 1210-6.
57. Yang, S. K.; Ambade, A. V.; Weck, M. Main-Chain Supramolecular Block
Copolymers. Chem. Soc. Rev. 2011, 40, 129-37.
58. Rowan, S. J.; Beck, J. B. Metal–Ligand Induced Supramolecular Polymerization: A
Route to Responsive Materials. Faraday Discuss. 2005, 128, 43-53.
59. Pollino, J. M.; Weck, M. Non-Covalent Side-Chain Polymers: Design Principles,
Functionalization Strategies, and Perspectives. Chem. Soc. Rev. 2005, 34, 193-207.
60. Fox, J. D.; Rowan, S. J. Supramolecular Polymerizations and Main-Chain
Supramolecular Polymers. Macromolecules 2009, 42, 6823-6835.
61. Wang, F.; Zhang, J.; Ding, X.; Dong, S.; Liu, M.; Zheng, B.; Li, S.; Wu, L.; Yu, Y.;
Gibson, H. W.; Huang, F. Metal Coordination Mediated Reversible Conversion

83

between Linear and Cross-Linked Supramolecular Polymers. Angew. Chem. Int. Ed.
2010, 49, 1090-1094.
62. Lewis, R. W.; Malic, N.; Saito, K.; Evans, R. A.; Cameron, N. R. Ultra-High
Molecular Weight Linear Coordination Polymers with Terpyridine Ligands. Chem Sci
2019, 10, 6174-6183.
63. Gustafson, R. L.; Lirio, J. A. Binding of Divalent Metal Ions by Cross-Linked
Polyacrylic Acid. The Journal of Physical Chemistry 1968, 72, 1502-1505.
64. Irving, H.; Williams, R. J. P. 637. The Stability of Transition-Metal Complexes. J.
Chem. Soc. 1953, 10.1039/JR9530003192, 3192-3210.
65. Leussing, D. L. The Estimation of the Stabilities of Bivalent Transition Metal
Complexes and Deviations from the Irving-Williams Order. Talanta 1960, 4, 264-267.
66. Johnson, D. A.; Nelson, P. G. Factors Determining the Ligand Field Stabilization
Energies of the Hexaaqua 2+ Complexes of the First Transition Series and the IrvingWilliams Order. Inorg. Chem. 1995, 34, 5666-5671.
67. Grindy, S. C.; Holten-Andersen, N. Bio-Inspired Metal-Coordinate Hydrogels with
Programmable Viscoelastic Material Functions Controlled by Longwave Uv Light.
Soft Matter 2017, 13, 4057-4065.
68. Auletta, J. T.; LeDonne, G. J.; Gronborg, K. C.; Ladd, C. D.; Liu, H.; Clark, W. W.;
Meyer, T. Y. Stimuli-Responsive Iron-Cross-Linked Hydrogels That Undergo RedoxDriven Switching between Hard and Soft States. Macromolecules 2015, 48, 17361747.
69. Jackson, A. C.; Beyer, F. L.; Price, S. C.; Rinderspacher, B. C.; Lambeth, R. H. Role
of Metal–Ligand Bond Strength and Phase Separation on the Mechanical Properties
of Metallopolymer Films. Macromolecules 2013, 46, 5416-5422.
70. Seguel, G. V.; Rivas, B. L.; Novas, C. Polymeric Ligand-Metal Acetate Interactions:
Spectroscopic Study and Semi-Empirical Calculations. J. Chil. Chem. Soc. 2005, 50.

84

71. Xu, Y.; Yuan, L.; Wang, Z.; Wilbon, P. A.; Wang, C.; Chu, F.; Tang, C. Lignin and
Soy Oil-Derived Polymeric Biocomposites by “Grafting from” Raft Polymerization.
Green Chem. 2016, 18, 4974-4981.
72. van Nierkerk, J. N.; Schoening, F. R. L. A New Type of Copper Complex as Found in
the Crystal Structure of Cupric Acetate, Cu2(Ch3coo)4*2h2o. Acta Crystallogr. 1953,
6, 277-232.
73. van Nierkerk, J. N.; Schoening, F. R. L.; Talbot, J. H. The Crystal Structure of Zinc
Acetate Dihydrate, Zn(Ch3coo)2*H2o. Acta Crystallogr. 1953, 6, 720-723.
74. Vidavsky, Y.; Bae, S.; Silberstein, M. N. Modulating Metallopolymer Mechanical
Properties by Controlling Metal Ligand Crosslinking. J. Polym. Sci., Part A: Polym.
Chem. 2018, 56, 1117-1122.
75. Xie, T. Recent Advances in Polymer Shape Memory. Polymer 2011, 52, 4985-5000.
76. Ratna, D.; Karger-Kocsis, J. Recent Advances in Shape Memory Polymers and
Composites: A Review. J. Mater. Sci. 2008, 43, 254-269.
77. Hu, J.; Zhu, Y.; Huang, H.; Lu, J. Recent Advances in Shape–Memory Polymers:
Structure, Mechanism, Functionality, Modeling and Applications. Prog. Polym. Sci.
2012, 37, 1720-1763.
78. Wang, Z.; Zhang, Y.; Yuan, L.; Hayat, J.; Trenor, N. M.; Lamm, M. E.; Vlaminck, L.;
Billiet, S.; Du Prez, F. E.; Wang, Z.; Tang, C. Biomass Approach toward Robust,
Sustainable, Multiple-Shape-Memory Materials. ACS Macro Lett. 2016, 5, 602-606.
79. Lamm, M. E.; Wang, Z.; Zhou, J.; Yuan, L.; Zhang, X.; Tang, C. Sustainable Epoxy
Resins Derived from Plant Oils with Thermo- and Chemo-Responsive Shape Memory
Behavior. Polymer 2018, 144, 121-127.
80. M. Lamm, L. Song, Z. Wang, B. Lamm, L. Fu and C. Tang, Polym. Chem., 2019,
Accepted Manuscript , DOI: 10.1039/C9PY01479A

85

CHAPTER 4
PLANT OIL-DERIVED COPOLYMERS WITH REMARKABLE POSTPOLYMERIZATION INDUCED MECHANICAL ENHANCEMENT FOR HIGH
PERFORMANCE COATING APPLICATIONS

Lamm, M.; Li, P.; Hankinson, S.; Zhu, T.; Tang, C., Plant Oil-Derived Copolymers with
Remarkable Post-Polymerization Induced Mechanical Enhancement for High Performance
Coating Applications. Polymer, 2019, 174, 170-177. Adapted with permission from
Elsevier. Copyright © 2019 Elsevier Ltd.
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4.1 Abstract
Polymer coatings have been heavily utilized in many industrial and civil applications
where a protective thermoset material with enhanced properties such as chemical and
physical resistance, thermal stability, and tailorable mechanical properties is desired. Plant
oils are a class of promising biomass toward sustainable polymers, but have yet to be fully
harnessed in tailorable thermoset coatings due to the challenging functionalization and
extensive crosslinking processes required to achieve desirable thermomechanical
properties. In this work, we demonstrated that soybean methacrylate (SBMA) from high
oleic soybean oil (HOSO) can be utilized to produce bio-based acrylic thermoset
copolymers through an industrially viable semi-batch emulsion polymerization process
with various commonly used co-monomers such as methyl methacrylate, styrene, and butyl
acrylate. A wide range of monomer feed ratios with SBMA from 0 to 50 wt% was easily
achieved with minimal modifications allowing for good tunability of thermal and
mechanical properties in the prepared latexes. More importantly, a simple and effective
auto-oxidative crosslinking of the latex films provided extreme mechanical enhancements
making these thermosets good candidates in ultra-strong, ultra-tough, and high Tg coating
applications.
4.2 Introduction
Thermoset polymers have been widely used as high performance coatings in many
industrial applications due to their thermal stability, chemical and mechanical resistance,
facile processing, and tailorable mechanical properties. Chemically and mechanically
resistant thermoset polymers are frequently used as specialized coatings on substrates for
heavy duty work such as laboratory benches, automotive parts, and construction materials.
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Resins, including epoxy and phenol, are widely used as durable coating materials due to
their low cost and facile crosslinking chemistry.1,

2

Unfortunately, the curing agents,

solvents, and additives in thermoset resin materials often pose health hazards, such as
known carcinogenic formaldehyde or suspected endocrine disruptor bisphenol A.3
Extensive efforts have been focused on replacing these hazardous components with benign
bio-derived alternatives.4-11 On the other hand, acrylate-based thermoset systems present
an alternative with better tailorable properties, owing to their greater structural diversity
and safer options for post-polymerization functionalization.12 Acrylate monomers of
various structures and chemical compositions can be copolymerized with a variety of comonomers including styrenes, vinyl ethers, and other (meth)acrylates.13 Higher molecular
weight and better chemical composition control can be achieved in comparison to the
epoxy and phenolic resin-based systems as the initial polymerization and subsequent
crosslinking occur in two separate steps. Furthermore, crosslinking in these systems can be
conveniently achieved by utilizing light and/or heat without the need to use toxic catalysts
or other additives.14-16 However, these acrylate-based materials have relied primarily on
petrochemicals raising large environmental and sustainability concerns.
In searching for new approaches to preparing more robust and environmentally benign,
high performance coatings from plant oils, we realized that utilizing free radical emulsion
polymerization to obtain higher molecular weight acrylate polymers with preserved
functional groups for facile post-polymerization modification could provide a convenient
access to desirable mechanical properties. Biomass encompasses a variety of structures that
have shown promise in range of polymer applications including coatings for biomaterials
and adhesives.17-24 Plant oils have shown great potential as biomass resources to replace
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petrochemicals in polymer materials.25-29 Owing to their versatility in structures, various
functionalization can be easily carried out to produce a range of materials from
thermoplastics to thermosets.18, 30-35 Fatty acid-derived acrylate polymers have also shown
facile crosslinking via UV exposure or simple auto-oxidation, resulting in high
performance coatings useful in pressure sensitive adhesives.36-38 To our knowledge, no
prior reported work has focused on utilizing plant oil acrylates to obtain stiff, tough, high
Tg performance coatings competitive with current epoxy and phenolic resins. The robust
free radical emulsion polymerization process allows for an easy preparation of higher
molecular weight polymers and thus better mechanic properties, and hence has been
heavily utilized in industry to produce acrylic coatings with optimal properties.39-41 In
addition, various types of co-monomers can be easily incorporated to prepare copolymers
in the emulsion polymerization process offering a convenient tuning of the physical and
mechanical properties. More importantly, the resulting waterborne polymers can be used
directly without the need for removing harmful organic solvents, making them the most
sought-after high volume materials in applications pursuing high environmental and health
standards. Therefore, increasing amount of attention has centered on the more efficient and
effective incorporation of sustainable and bio-based materials in high volume polymers to
reduce the carbon footprint.42-45
Unfortunately, due to their strong hydrophobicity and unique inherent reactivity, biobased acrylic monomers from plant oils, and other hydrophobic biomass sources, have been
largely ignored in emulsion-based free radical polymerization until recently.45-53 Voronov
and co-workers recently developed a series of bio-based vinylic monomers from various
plant oil sources (including olive oil, soybean oil, sunflower oil and linseed oil), and
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adopted them to prepare waterborne latexes in a miniemulsion polymerization process.5456

Their later work also highlighted the potential of plant oil-based monomers to produce

latex polymers with high bio-based content (up to ~ 60 wt%) via a more feasible batch
process indicating the practicality of utilizing plant oils to produce waterborne latex
polymers.57 Recent success in adapting hydrophobic acrylate monomers (such as
methacrylated methyl oleate) in conventional batch emulsion polymerization process has
aspired us to examine the possibility and potential of high oleic soybean (HOSO)-based
monomers in a more industrially relevant semi-batch emulsion polymerization process.5860

Additionally, the host-guest chemistry of high water soluble cyclodextrin has been

adopted to tackle the hydrophobicity problem of plant oil derived monomers.61, 62 It is
worthwhile to note that ab initio emulsion polymerization has achieved great success on
incorporation of hydrophobic monomers, though the process is less appealing in scaling.63,
64

Herein we report a study on the semi-batch emulsion copolymerization of a soybean
methacrylate monomer (SBMA) with various co-monomers to prepare waterborne latex
polymers with tunable compositions and thermomechanical properties. The bio-based
acrylic monomer, SBMA, can be readily prepared in a highly efficient and scalable twostep process from HOSO (Scheme 1).33, 34, 65 The homopolymer of SBMA (PSBMA) has
a unique soft and tacky nature and can serve as a renewable replacement for other low Tg
acrylic polymers such as butyl acrylate polymers in current acrylic coatings. The pendant
unsaturated fatty side chain in soybean methacrylate (SBMA) can be used for postpolymerization oxidative crosslinking to further improve the properties and performance
of bio-based latex polymers, without the need for further functionalization.66, 67 In this
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work, we also demonstrate that a simple oxidative curing of the prepared bio-based latex
films can lead to remarkable enhancement in mechanical properties, resulting in ultrastrong, ultra-tough thermoset materials competitive with high performance coatings.

Figure 4.1. Synthesis of soybean methacrylate (SBMA) starting with high oleic soybean oil via a
fatty amide alcohol intermediate.

4.3 Experimental
Materials
PlenishTM high oleic soybean oil (HOSO) was provided by DuPont Pioneer. E-Sperse®
100 was provided by Ethox Chemicals. Azobisisobutyronitrile (AIBN, 98%, Aldrich) was
recrystallized twice from methanol. Monomers were passed through basic alumina to
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remove inhibitors in reactivity studies and were used as received in emulsion
polymerization studies. All other reagents were purchased from commercial resources and
used as received unless otherwise mentioned. Soybean methacrylate (SBMA) was prepared
in 3 kg-batch according to our previously reported procedures. (Scheme 1 and Figure
S1).33, 34 Solution polymers used for reactivity ratio determination were synthesized using
free radical polymerization in a previously reported procedure.33, 34, 68
Characterization
1

H NMR spectra were recorded on a Bruker Avance III HD 300 spectrometer using

CDCl3 as solvent with tetramethylsilane (TMS) as reference. Zetasizer nano instrument,
equipped with an 830 nm wavelength laser, was used to determine the particle size for all
emulsion polymers. Solid content was determined by drying ~1 g of latex on an aluminum
pan at 55 oC overnight, using the equation 1 below. Wi is the initial mass of latex used and
Wf is the final mass of dried latex.
(1)

𝑠𝑜𝑙𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =

𝑊𝑓
𝑊𝑖

× 100

The glass transition temperature (Tg) of polymers was tested through differential
scanning calorimetry (DSC) conducted on a DSC 2000 instrument (TA Instruments).
Samples were first heated from -70 oC to 200 oC at a rate of 10 oC/min. After cooling down
to -70 oC at the same rate, the data was collected from the second heating scan. About 8
mg of each sample was used for the DSC test, under nitrogen gas at a flow rate of 50
mL/min. Tensile stress-strain testing was carried out on an Instron 5543 A testing
instrument. Dog-bone shaped specimens were cut from the cast film with a length of 20
mm and width of 5.0 mm. The thickness was measured prior to each measurement. Testing
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was done at room temperature with a crosshead speed of 20 mm/min. Five replicate
samples were used to obtain an average value for each.
Synthesis of Emulsion copolymers of SBMA with methyl methacrylate (MMA), styrene (S),
and butyl acrylate (BA)
A pre-emulsion was prepared by mixing 40 mL of DI water, 60 g (in total) of monomers,
and 4.8 g of E-Sperse® 100 (8 wt% of total monomer feed), and homogenized. The reactor
charge was prepared by mixing ~10 % v/v of the above pre-emulsion and 50 mL of DI
water, and placed in a cylinder reactor vessel (with overhead mechanical stirring). The
reactor charge was heated till the internal temperature of the reactor charge reached 80 oC.
The initial catalyst solution, 0.1 g of ammonium persulfate (APS) in 1 mL of DI water, was
injected. The reaction was kept at 80-85 oC for 20 minutes to allow micelle formation. The
remaining pre-emulsion was slowly pumped in over 3 hrs concurrently with the delay
catalyst solution, 0.18 g of APS (0.3 wt% of total monomer feed) in 30 mL of DI water.
After pumping finished, the emulsion was stirred for 30 minutes. Finishing catalyst,
ammonium persulfate (0.1 g in 1 mL DI water) was added and stirred for 15 minutes. The
mixture was then cooled to 65 oC. Once cooled, redox catalysts were added in the following
order; iron (II) sulfate (0.1 g in 1 mL DI water), ammonium persulfate (0.1 g in 1 mL DI
water), and sodium bisulfite (0.1 g in 1 mL DI water). After stirring for 30 minutes, the
emulsion was cooled to room temperature and filtered through fine mesh to remove any
particulates.

93

Preparation of Copolymer Films
Emulsion copolymer latexes (6mL each respectively, MMA20-50, S20-50, and BA2050) were poured into Teflon molds. The latex films were obtained by drying at 55 oC over
48 h and then at 75 oC for 24 h under vacuum. Samples were cut for tensile testing.
Preparation of Crosslinked Films
The crosslinked latex films were obtained by placing the above films in the oven under
air at 125 oC for 16 h. After cooling to room temperature, the crosslinked films were cut
for tensile testing and Soxhlet extraction.
Model Study of Auto-Oxidative Plant Oil Curing using small molecule analogs
High oleic soybean oil and oleic acid (2 mL of each) were placed in two different
respective aluminum pans. Pans were placed in an oven at 125 oC for 16 h.
Soxhlet Extraction
Solvent extraction of latex and crosslinked films were carried out by Soxhlet extraction
using tetrahydrofuran (THF) as the solvent for 36 h. A 500 mL round bottom flask filled
with 300 mL THF was connected to a Soxhlet extractor. All samples were vacuum dried,
weighed, packed in filter papers, and inserted into the extractor. The extracted samples
were dried at 40 oC under vacuum for 36 h and weighed. Procedure was repeated twice to
obtain an average. The sol contents of all films were calculated according to the following
previously reported equation 2,
(2)

Crosslinked content (%) = 100 − (
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𝑊𝑖 −𝑊𝑓
𝑊𝑖

𝑥 100)

where Wi is the sample weight before extraction and Wf is the sample weight after
extraction and vacuum dry.16
4.4 Results and Discussion
Reactivity Ratios of Copolymers
Soybean methacrylate (SBMA) was copolymerized with three different monomers to
determine structural incorporation and practicality. As no previous copolymers had been
studied using SBMA and our selected copolymers, we chose to confirm the
copolymerization feasibility and copolymer composition prior to moving forward with
emulsion polymerization testing. All reactivity ratios were determined for our copolymers
with styrene, methyl methacrylate, and butyl acrylate. All copolymers were synthesized
via solution polymerization in toluene.
Table 4.1. Reactivity ratios for all copolymers containing soybean methacrylate (SBMA),
determined using the Fineman Ross method.

Copolymerization

r1
(SBMA)

r2
(co-monomer)

Methyl methacrylate

0.375 (± 0.03)

0.896 (± 0.07)

Styrene

1.083 (± 0.1)

1.051 (± 0.17)

Butyl acrylate

1.013 (± 0.02)

0.963 (± 0.05)

Using the Fineman-Ross method for reactivity ratio determination, seven copolymers
of SBMA with styrene (S), methyl methacrylate (MMA), and butyl acrylate (BA),
respectively, were synthesized. The results were graphed according to an established
procedure using the monomer molar feed ratios and the in-polymer fraction ratios (Figure
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4.2) measured by 1H NMR.1 Reactivity ratios (r1 and r2) (Table 4.1) suggest well behaved
free-radical copolymerization of SBMA with these monomers to provide random
copolymers. These reactivity ratios of SBMA with comonomers also help explain the high
conversion and low coagulation present in our emulsion polymerization system. As our
latex copolymers are likely random copolymers, like their solution cohorts, the monomer
starvation throughout our polymerization, due to the semi-batch process, and reactivity
ratios indicate that any monomer present should quickly and easily incorporate into the

Monomer fraction in polymer composition (F1)

growing polymer, resulting in good control of the polymerization.

0.50
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styrene
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Figure 4.2. Fineman Ross plots used to determine reactivity ratios of SBMA copolymers.
Monomer content in feed versus polymer composition.

Synthesis of Latex Polymers
Latex copolymers of varying wt. % of soybean methacrylate (SBMA) with three
common co-monomers, i.e., styrene (S), methyl methacrylate (MMA), and butyl acrylate
(BA) were prepared via emulsion polymerization. A semi-batch process that starves the
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reaction of both monomer and initiator was chosen, allowing for more manageable
exotherms and better control of the polymerization.69 E-Sperse® 100 was selected over the
commonly used sodium lauryl sulfate (SLS) as the surfactant to prepare a stable preemulsion of SBMA with other monomers. E-Sperse® 100 was found to have overall better
performance in the surfactant screening test showing little to no emulsion breakdown in 72
hours. The pre-emulsion mixture was also homogenized to further insure its good stability
during the delayed pumping stage.

Figure 4.3. Synthesis of copolymers by free-radical emulsion polymerization using soybean
methacrylate (SBMA) and a variety of co-monomers including methyl methacrylate (MMA),
styrene (S), and butyl acrylate (BA). Copolymers contain between 10-50 wt% SBMA.
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To start each polymerization, a small fraction of pre-emulsion was diluted with
additional water, homogenized, and heated to 80 oC before the initial catalyst (ammonium
persulfate, AP) was added. This initialization step was easily identified by the onset of a
blueish color in the solution due to the micellar formation. Next, the reaction propagation
was maintained at 80 to 85 oC and starved by slow addition of remaining pre-emulsion
mixture and delay catalyst (AP) solution. In the finishing step, a chase catalyst (AP) was
added at the reaction temperature before the reaction mixture was cooled down to 65 oC.
Afterwards a redox finishing catalyst (AP, iron (II) sulfate, and sodium bisulfite) was added
to push the complete consumption of residual monomers and achieve a high conversion.70
Each type of catalyst serves a unique role in our polymerization. The delay catalyst is added
into the starved reaction to initiate any monomers in situ and propagate the reaction. The
chase catalyst serves to initiate any residual monomers and allows for movement into the
larger growing polymer particles. The finishing catalyst works uniquely at a lower
temperature to ensure all monomers in the liquid phase and can be brought into particles
and incorporated into the final polymers in order to achieve high conversion. Detailed
procedure is provided in the Methods section in the SI.
The prepared latexes were characterized using a variety of methods, and results were
provided in Table 4.2. All polymers are named using their co-monomers followed by the
weight percentage of SBMA. For example, MMA10 is referred to the copolymer of
poly(methyl methacrylate-co-soybean methacrylate) (PMMA-co-SBMA) with 10 wt%
SBMA. Auto-oxidative crosslinked samples are denoted with a “C” in the end. For
example, S40C is referred to the crosslinked copolymer of poly(styrene-co-SBMA) (PSco-SBMA) with 40 wt% SBMA.
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Table 4.2. Characterization of latex copolymers containing soybean methacrylate (SBMA).

Copolymer

Molar Ratio in
Feed
(X/SBMA)a

Molar Ratio
in Polymer
(X/SBMA)b

Conv. (%)
(X/SBMA)

Particle size
(nm)

Solid
content
(%)c

Tg
( C)d

MMA10

1.0/0.028

1.0/0.025

99/99

97.0 (± 21)

33

87

MMA20

1.0/0.055

1.0/0.05

98/99

66.1 (± 17)

35

79

MMA30

1.0/0.11

1.0/0.13

98/99

52.8 (± 15)

33

74

MMA40

1.0/0.2

1.0/0.18

97/99

49.3 (± 13)

29

54

MMA50

1.0/0.26

1.0/0.23

96/98

45.8 (± 14)

30

42

S10

1.0/0.029

1.0/0.035

99/99

102.8 (± 24)

29

75

S20

1.0/0.064

1.0/0.07

97/99

77.0 (± 19)

34

72

S30

1.0/0.11

1.0/0.11

96/99

68.4 (± 18)

31

61

S40

1.0/0.26

1.0/0.3

95/99

66.2 (± 16)

27

50

S50

1.0/0.32

1.0/0.37

95/98

62.8 (± 15)

29

40

BA10

1.0/0.036

1.0/0.045

99/99

78.8 (± 16)

28

-47

BA20

1.0/0.081

1.0/0.12

99/99

77.5 (± 17)

30

-40

BA30

1.0/0.14

1.0/0.19

99/99

67.6 (± 18)

28

-32

BA40

1.0/0.32

1.0/0.38

97/99

64.2 (± 17)

25

-29

BA50

1.0/0.46

1.0/0.52

97/98

50.5 (± 15)

31

-20

a

o

X = comonomer. b molar ratio in polymer was determined using 1H NMR. cThe number-average particle
size determined using DLS. dTg of dried latex determined using DSC (2nd heating cycle).
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Overall, SBMA showed good incorporation with a variety of co-monomers. Little to
no coagulation was observed with these polymerizations, likely due to the robust semibatch process (good heat dissipation and controlled reaction rate) together with the
excellent cross-reactivity between SBMA with co-monomers (Figure 4.1 and Table 4.1).
As a result, molar ratios in monomer feed and in the final polymers were in good
consistency. High conversions (>95%) for both SBMA and co-monomers were confirmed
using 1H NMR. Slight decrease in co-monomer conversion (styrene, methyl methacrylate,
and butyl acrylate) was observed with higher SBMA content in all copolymerizations. All
latexes have a relatively small particle size (below 100 nm), likely due to the relatively
high surfactant content (3 wt% overall) in the current recipes. Particle size was also found
to decrease with increasing SBMA content regardless of comonomer composition, which
was speculated to result from the surfactant like structure of our SBMA monomer. Solid
contents of all latexes was consistent and in line with the expected ~30%, reaffirming the
high level of conversion achieved in our emulsion polymerizations.
Glass transition temperatures (Tg) of the latex copolymers were found to follow a
predicted trend consistent with those calculated from the Fox equation. Unfortunately, due
to the SBMA and surfactant content, the observed Tg’s are very broad. Styrene and methyl
methacrylate copolymer latexes showed decreases in Tg with increasing SMBA content.
This is well expected considering the Tg of homopolymer PSBMA is around -6 oC.
Increasing SBMA fraction would result in a drastic decrease in Tg of the copolymers with
MMA or S (Note that the homopolymers of PMMA and PS have their Tg’s of 105-120 oC
and 100 oC, respectively). Alternatively, an increase of SBMA content in the butyl acrylate
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copolymers should cause an increase in Tg (Note that the homopolymer PBA has a Tg of 54 oC).
Molecular weight data is not readily available for these copolymers due to solubility
issues. All copolymers are only fully soluble in dichloromethane and chloroform.
However, they are sparingly soluble in the operable solvents (tetrahydrofuran and
dimethylformamide) with our GPC systems. Despite repeated attempts, the copolymer
samples could not be fully dissolved leaving significant an amount of residue when passing
through 0.2 micron filter. Therefore, data was not collected considering the partially
soluble samples may likely interfere with GPC measurements and produce inaccurate
molecular weight information.
Mechanical Properties of Latex Copolymers
Latex copolymers of soybean methacrylate with styrene and methyl methacrylate,
respectively, were capable of forming free-standing films when the SBMA content was 2050 wt% but, became too brittle as the SBMA content dropped to 10 wt%. Conversely, all
latex copolymers of SBMA and butyl acrylate were too soft to form free-standing films.
The tensile curves are shown in Figure 4.4. Complete mechanical data is summarized in
Table 4.3.
Elasticity of the copolymer film was found to increase with the increasing soy monomer
content in the latex copolymers. The elasticity enhancement was dramatic on latex films
made with styrene copolymers (S20-S50). For example, the tensile strain increased from
36.5% for S40, to 359% for S50 when SBMA content increased from 40 to 50 wt%.
Generally, styrene copolymer films were tougher than methyl methacrylate copolymer
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films of the similar level of SBMA content. For example, the toughness of copolymer latex
films nearly doubled from MMA40 to MMA50 but quadrupled from S40 to S50.
Table 4.3. Tensile properties of latex copolymers containing soybean methacrylate.

Copolymer

Stress at break
(MPa)

Strain at break
(%)

Toughness
(MJ/m3)

Young’s Modulus
(MPa)

MMA20

28.6 (± 0.4)

4.1 (± 0.2)

0.55 (± 0.02)

928.4 (± 10.2)

MMA30

9.7 (± 0.3)

19.8 (± 0.4)

1.91 (± 0.2)

379.5 (± 6.6)

MMA40

9.9 (± 0.4)

29.6 (± 0.4)

2.75 (± 0.3)

355.3 (± 5.6)

MMA50

11.0 (± 0.2)

56.4 (± 2.1)

5.98 (± 0.6)

240.0 (± 3.2)

S20

29.1 (± 0.3)

3.8 (± 0.3)

0.38 (± 0.01)

1300.7 (± 12.1)

S30

38.8 (± 0.5)

5.7 (± 0.8)

0.99 (± 0.03)

532.1 (± 7.8)

S40

9.7 (± 0.4)

36.5 (± 0.8)

3.63 (± 0.3)

361.2 (± 4.4)

S50

9.7 (± 0.6)

359.0 (± 7.2)

12.8 (± 0.9)

5.4 (± 0.5)

Higher soy content in general resulted in longer elongation and decreased stress at break.
It is most notable that increasing SBMA content caused decreases in stiffness but sizable
increases in toughness. This trend was observed in both copolymers of styrene and methyl
methacrylate respectively. For instance, MMA20 showed a toughness of only 0.55 MJ/m3
and Young’s modulus of 928.4 MPa. In comparison, MMA50 demonstrated a toughness
of 5.98 MJ/m3, a nearly ten-fold increase, and Young’s modulus of 240.0 MPa, about three
quarters loss. Similarly, S50 showed a toughness of 12.8 MJ/m3, a nearly ten times increase
compared with S20 (0.38 MJ/m3), and a Young’s modulus of 5.4 MPa, a decimating loss
in comparison to S20 (1300.7 MPa). This observed trend is likely due to the long fatty
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chain of soybean monomer acting as a plasticizer in the copolymers prepared with stiffer
co-monomers such as styrene and methyl methacrylate. Similar toughness enhancement
has been observed in earlier works of incorporating plant oil-based monomers into polymer
systems and has been considered a promising attribute in coating applications.206, 207
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Figure 4.4. Tensile curves of (A) PS-co-SBMA, inset magnifies graph to show tensile strain
between 0-25 %, and (B) PMMA-co-SBMA copolymers.

Auto-oxidative Crosslinking
Plant oils possess crosslinkable alkene functional groups on their fatty chains. Our
HOSO-derived SBMA has one alkene group per fatty chain on average, comprised of a
variety of saturated, monounsaturated, and polyunsaturated fatty acids. These alkene
groups when exposed to atmospheric oxygen at elevated temperatures can undergo autooxidation and form crosslinked structures in polymer.71,

72

This oxidative crosslinking

process can be accelerated by the addition of metal salts, or enzymes.73, 74 High crosslinking
is important in thermosets for high performance coating applications as they dictate many
of the necessary thermomechanical and chemical resistance properties.1 A model study
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using our soybean oil and oleic acid was used to confirm our crosslinking strategy was
viable and robust.

(A) 80

MMA20C-50C
S20C-50C

Crosslinked Content (%)

70
60
50
40
30
20
10
0
20

30

40

50

SBMA (wt%)

Figure 4.5. (A) Crosslinked content of copolymers as determined by Soxhlet extraction of
crosslinked films (MMA20C-50C and S20C-50C). (B) A schematic presentation of the autooxidative crosslinking process involving the oleic amide chains.

Our bio-based latex copolymers contained 10-50 wt% SBMA and were able to achieve
high levels of crosslinking without the need for catalysts. Dried latex films were placed in
an open oven at 125 oC and allowed to crosslink over 16 h. Soxhlet extraction was carried
out to help examine the level of crosslinking present in the films. The crosslinked content
can be estimated by weight percentage of the non-soluble content of the films after
exhaustive extraction. Details of extraction procedure are provided in the SI. Both noncrosslinked copolymers samples (MMA10-50 and S10-50) and crosslinked samples
(MMA10C-50C and S10C-50C) were examined for comparison purposes (Figure 4.5).
Butyl acrylate copolymers were not examined with Soxhlet extraction. The low Tg of these
samples made it too difficult to extract and accurately weigh both initial residual sample
without sample loss due to their tacky nature. All non-crosslinked samples (MMA10-50
and S10-50) were found to fully dissolve upon exhaustive extraction. In contrast, all
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crosslinked films were found to have a significant amount of non-soluble content upon
exhaustive extraction (Figure 4.5). All thermally processed latex films had a high level of
crosslinking at >50%. Furthermore, crosslinked latex films showed a qualitative correlation
between SBMA content and crosslinked content, where higher SBMA content resulted in
higher crosslinked content. Interestingly, all styrene copolymers were found to achieve
higher levels of crosslinking than methyl methacrylate films. For example, the styrene
copolymer with 50 wt% of SBMA was found to reach a crosslinked content around 73%
(S50C) whereas the counterpart methyl methacrylate copolymer was found to have a
crosslinked content of around 60% (MMA50C).
Curing Model Study
Due to its lack of conjugated unsaturated and doubly allylic units, oleic acid (oleate)
derived materials are harder to undergo auto-oxidative crosslinking. However, our high
oleic soybean oil (HOSO) contains a greater fraction of oleate chains together with a small
fractions of conjugated linoleic and linolenic acid chains. These conjugated fatty acids
allow for initiation of the crosslinking reaction, which can further propagate through the
oleic acid chains. To test this hypothesis, our HOSO was crosslinked at 125 oC for 16 h,
the same conditions used on our latex films. Separately, oleic acid was also crosslinked to
determine if the lack of conjugated fatty acids could still initiate crosslinking. It is worth
mentioning that our oleic acid is ~90% and contains around ~8% linoleic acid chains,
which can serve to initiate the reaction. Additionally, our HOSO is comprised of ~10%
linoleic and linolenic acid chains which contain the necessary conjugation to initiate
crosslinking and ~20% saturated fatty acids which do not participate in crosslinking.
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Figure 4.6. FTIR spectrum of (A) HOSO) and (B) oleic acid, before and after curing.

After crosslinking, conversion was determined by NMR, with oleic acid reaching higher
conversion of 75% while HOSO only reached ~65%. Due to the fatty acid composition of
these samples, these results are expected. Both samples were also monitored using FTIR
(Figure 4.6). A marked decreased in the C=C-H stretch around 3000 cm-1 was observed
for both samples in consistent with the crosslinking confirmed by decreasing alkene
content on NMR. Thus the model curing study using small molecule analogs found overall
good crosslinking under the operation condition (16 h @ 125 oC) suggesting that the SBMA
content should react favorably in the crosslinking process within the latex films.
Mechanical Properties of Crosslinked Latexes
All crosslinked latex films were found to have dramatically enhanced mechanical
properties (Figure 4.7). The most remarkable increase in properties was seen in the
crosslinked methyl methacrylate copolymer MMA20C and styrene copolymer S20C,
which were found to reach a tensile strength of 122.5 and 131.3 MPa respectively. This
corresponds to a four-folded enhancement than non-crosslinked samples. In general,
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copolymer films with higher soy content were found to increase in elasticity but decrease
in strength upon crosslinking. Both crosslinked copolymer films made with methyl
methacrylate (MMA10-40C) and styrene (S10-40C), respectively, showed an overall
increase in strength, toughness, and stiffness, but marked decrease in elasticity (Table 4.4).
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Figure 4.7. Tensile curves of (A) PS-co-SBMA (S20C-S50C), inset magnifies graph showing
tensile strain between 0-10 %, (B) PMMA-co-SBMA (MMA20C-MMA50C), and (c) PBA-coSBMA (BA10C-50C) crosslinked copolymers.

All crosslinked butyl acrylate copolymer films, despite being quite soft, were able to
form free-standing films, showing a marked improvement over their viscoelastic noncrosslinked counterparts (Figure 4.7). All butyl acrylate copolymers showed increasing
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stress at break with increasing soy content (Table 4.4). For example, crosslinked butyl
acrylate copolymer with 50 wt% of SBMA (BA50C) showed almost doubled stress (0.81
MPa) at break in comparison to the crosslinked counterpart (0.31 MPa) with 10 wt% of
SBMA (BA10C). A similar trend was observed with toughness, which increased from 0.08
MJ/m3 for BA10C to 0.45 MJ/m3 for BA50C, a significant increase.
Impressive increases in the Young’s modulus of the latex films were also observed upon
crosslinking. For example, crosslinked methyl methacrylate copolymer MMA20C were
found to have a drastically higher Young’s modulus (5.04 GPa) in comparison with
uncrosslinked counterpart (928.4 MPa). Similar enhancements were also readily
observable with crosslinked films of MMA30C, S20C, and S30C all showing a much
higher modulus of ~3 GPa than their non-crosslinked counterparts (less than 1 GPa).
Furthermore, crosslinked copolymer films often showed improved toughness than noncrosslinked counterparts. For example, styrene copolymer with 40 wt% of SBMA was
found to have an over 10-fold increase in toughness upon crosslinking (31.08 MJ/m3 for
S50C versus 0.38 MJ/m3 for S50). However, the crosslinking-induced toughness
enhancement appeared to be highly influenced by the copolymer compositions and
fluctuate from case to case. For example, crosslinked copolymers MMA40C and S50C
were found to have very marginal improvements in toughness than their non-crosslinked
counterparts. Further studies are currently carried out in our laboratory to examine the
relationship between the toughness and copolymer composition and structure.
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Table 4.4. Tensile properties of crosslinked latex copolymers containing soybean methacrylate
(SBMA).

Copolymer

Stress at break
(MPa)

Strain at break
(%)

Toughness
(MJ/m3)

Young’s Modulus
(MPa)

MMA20C

122.5 (± 0.4)

5.7 (± 0.2)

3.87 (± 0.03)

5041.3 (± 7.2)

MMA30C

93.5 (± 0.3)

4.4 (± 0.4)

1.52 (± 0.01)

3553.9 (± 4.1)

MMA40C

77.6 (± 0.4)

6.2 (± 0.4)

2.69 (± 0.03)

2103.3 (± 2.3)

MMA50C

27.7 (± 0.2)

45.5 (± 2.1)

12.79 (± 0.4)

1065.6 (± 3.1)

S20C

131.3 (± 0.3)

5.5 (± 0.3)

3.23 (± 0.01)

3240.9 (± 9.1)

S30C

102.1 (± 0.5)

4.9 (± 0.8)

2.56 (± 0.02)

3370.4 (± 5.4)

S40C

25.9 (± 0.4)

141.9 (± 0.8)

31.08 (± 0.9)

468.0 (± 2.1)

S50C

16.1 (± 0.6)

256.6 (± 7.2)

25.64 (± 0.2)

10.1 (± 0.3)

BA10C

0.31 (± 0.05)

51.8 (± 1.1)

0.08 (± 0.02)

0.73 (± 0.1)

BA20C

0.32 (± 0.03)

150.6 (± 2.3)

0.30 (± 0.09)

0.60 (± 0.1)

BA30C

0.55 (± 0.1)

51.7 (± 0.5)

0.17 (± 0.03)

1.15 (± 0.05)

BA40C

0.64 (± 0.04)

89.7 (± 0.6)

0.36 (± 0.06)

1.40 (± 0.2)

BA50C

0.81(± 0.06)

98.1 (± 0.9)

0.45 (± 0.06)

1.08 (± 0.1)

Admittedly, minor deviations in property trends were observed for some crosslinked
samples such as S30C and BA20C. This was speculated to associate with the population
density, distribution, and fatty chain conformation of the SBMA units on the polymer
particle surface. Due to the higher molecular weight of SBMA versus co-monomers,
copolymers with lower wt% of SBMA will have very low molar percentage of SBMA. For
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example, copolymers BA20 and BA30 only have approximately 6% to 10% molar
percentage of SBMA. The low molar percentage of SBMA will translate to a very sparse
population of SBMA on the particle surface, which likely may cause long SBMA chain to
fold or bend back onto the surface. This in turn would increase the difficulty for the oleic
fatty chain from different polymer particles to meet each other during the curing reaction.
Furthermore, the complex nature of biomass source might have increased the chance of
random deviations in low SBMA samples. For example, the auto-oxidation process might
have to start from the small fraction of linoleic and linolenic chains (~10% in our HOSO)
which are much more reactive toward oxygen. The oleic fatty chains by themselves are
much harder to undergo auto-oxidative crosslinking process. The presence of small fraction
of unreactive saturated fatty chain (~20% in our HOSO) also have impacts on the
crosslinking reaction. Unfortunately, it is extremely difficult to experimentally monitor and
measure the SBMA chain location and availability. We have carried out model curing
studies on the small molecule analogs to confirm the effectiveness of our auto-oxidative
crosslinking procedure. However, due to the complexities discussed above, we have to
refrain from investigating the level of crosslinking present in these samples and accept the
possibility of potential random deviation. Future work should focus on utilizing
computational modeling to assist in determining and mitigating this issue. Nevertheless,
the ultra-high strength, impressive stiffness, and toughness achieved by simple crosslinking
of these films indicates potential as acrylic thermoset replacement for current high
performance, high Tg coating materials like epoxy and phenolic resins.
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4.5 Conclusions
Soybean methacrylate (SBMA) was copolymerized with a variety of co-monomers
including styrene, methyl methacrylate, and butyl acrylate using an industrially relevant,
safer semi-batch emulsion polymerization method. All polymerizations showed good
control with near complete incorporation of monomers and predictable properties. Tensile
tests on the corresponding polymer films revealed that high soy content improved elasticity
and toughness, while low soy content boosted stiffness and strength. Such tunable
thermomechanical properties present a useful attribute towards a range of high
performance coating applications. Crosslinking of copolymer latex films via easy autooxidation provided thermomechanically enhanced materials with a high degree of
crosslinking. Incorporation of plant oil derived methacrylate monomers into polymer
latexes has demonstrated good potentials as a cheaper, simpler, and effective strategy to
prepare heavy usage, high Tg performance acrylic coatings with tunable thermomechanical
properties. The remarkable enhancement in thermomechanical property also points to great
promise for plant oil-based methacrylates in developing further high performing
sustainable materials in the future.
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CHAPTER 5
SUSTAINABLE EPOXY RESINS DERIVED FROM PLANT OILS WITH THERMO- AND
CHEMO-RESPONSIVE SHAPE MEMORY BEHAVIOR

Lamm, M.; Wang, Z.; Zhou, J.; Yuan, L.; Zhang, X.; Tang, C., Sustainable epoxy resins
derived from plant oils with thermo- and chemo-responsive shape memory behavior
Polymer, 2018, 144, 121-127. Adapted with permission from Elsevier. Copyright © 2018
Elsevier Ltd.
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5.1 Abstract
Shape-memory epoxy resins were synthesized using plant oils and cellulose
nanocrystals (CNCs). Epoxidized soybean homopolymers (PESBMA) were grafted from
CNCs using surface-initiated atom transfer radical polymerization (SI-ATRP). The
polymer grafted CNCs were combined with P(ESBMA-co-SBMA) copolymer and cured
using anhydride to prepare epoxy resins. Controlling weight fractions of CNCs and ratios
of epoxide to anhydride provided tunability over mechanical and thermal properties. The
grafted polymer nanocomposites were also compared to simple blends to confirm better
properties of the grafted system. Thermo- and chemo-responsive shape memory properties
were obtained for these materials.
5.2 Introduction
Shape memory polymers (SMPs) are a class of smart materials that can change functions
upon exposure to external stimuli, such as temperature, pH, solvation, or electricity.1-4 Most
of these materials utilize petroleum-based chemicals for their components. Recent
advances have focused on making sustainable SMPs from renewable resources for a variety
of applications, including biomedical uses.5-11 SMPs typically involve two separate
networks: a permanent network and a temporary or switchable network. The permanent
network is needed to maintain a permanent shape while the switchable network is
responsible for allowing induction of a temporary shape resulting from a stimulus. In
general, the easiest and most widely used switchable SMPs are thermo-responsive, in
which the switching temperature, often the glass transition temperature (Tg) of the
temporary network polymers, is just above room temperature.

121

The two networks in a SMP serve different functions and therefore require distinct
chemistries. Specifically, the first, permanent network serves to control and return the
material to the primary permanent shape. This can be achieved using covalent bonding.
The second network, the temporary or switchable network, utilizes dynamic interactions
such as hydrogen bonding or other exploitable properties such as crystallization. Many
systems have utilized nanocrystals or nanomaterials to achieve the response, such as
graphene oxide, magnetite, silica, and polymers like polylactic acid (PLA) and
polycaprolactone (PCL), which help strengthen the permanent network and provide a
switchable network through crystallinity.12-22
Cellulose, specifically cellulose nanocrystals (CNCs), possesses crystallinity and high
mechanical strength, and shows potential for the preparation of entirely biobased shape
memory polymers.23-31 Similarly, plant oil based polymer materials have shown promise
in the preparation of shape memory polymers.32-34 Our group successfully synthesized
SMPs using CNCs and soybean oil, where the permanent network was achieved through
triazolinedione (TAD) crosslinking chemistry.5 However, a more economical and industrybenign approach is epoxy curing chemistry.35 We recently demonstrated the preparation of
biobased epoxy resins from soybean polymers.36,37 Herein we present thermo- and chemoresponsive shape memory composites using supramolecular soybean epoxy resins with
CNCs, utilizing epoxy curing to form a permanent network while hydrogen-bonding and
Tg induced a dynamic network. The response of hydrogen bonding and Tg allows thermal
and chemical triggers. CNCs were grafted with soybean polymers via surface-initiated
atom transfer radical polymerization (SI-ATRP).
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Figure 5.1. Shape memory polymers using soybean oil polymers and cellulose nanocrystals
containing epoxy-curing networks and supramolecular hydrogen-bonding networks.

5.3 Experimental
Materials
Plenish high oleic soybean oil (HOSO) was provided by DuPont Pioneer. Cellulose
nanocrystals were provided by CelluForce (Canada). Azobisisobutyronitrile (AIBN, 98%,
Aldrich) was recrystallized twice from methanol. Monomers were run through basic
alumina to remove inhibitors. All other reagents were from commercial resources and used
as received unless otherwise mentioned. Soybean methacrylate (SBMA) and epoxidized
soybean methacrylate (ESBMA) were prepared according to our previous work (Scheme
S1).26, 36, 38-42 Bromoisobutyryl bromide-coated cellulose nanocrystal as initiators (CNCBr) were synthesized according to literature.5, 43
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Characterization
300 MHz 1H NMR spectra were recorded on a Bruker Avance III HD 300 spectrometer
using CDCl3 as solvent with tetramethylsilane (TMS) as an internal reference. Molecular
weight and molecular weight distribution of polymers were determined by gel permeation
chromatography (GPC) on a Waters system equipped with a 515 HPLC pump, a 2410
refractive index detector, and three Styragel columns (HR1, HR3, HR5E in the effective
molecular weight range of 100-5,000 g/mol, 500-30,000 g/mol, and 5,000-500,000 g/mol,
respectively) with HPLC grade tetrahydrofuran (THF) as the eluent at 30 oC and a flow
rate of 1.0 mL/min. THF and polymer solutions were filtered through microfilters with an
average pore size of 0.2 μm. The columns were calibrated against polystyrene standards.
GPC samples were prepared by dissolving the sample in THF with a concentration of 5.0
mg/mL and passing through microfilters with average pore size of 0.2 μm. Fourier
transform infrared spectrometry (FTIR) spectra were taken on a PerkinElmer spectrum 100
FTIR spectrometer. Zetasizer nano instrument, equipped with an 830 nm wavelength laser,
was used to determine the hydrodynamic radius (Rh) of CNCs and CNC-g-PSBMA. X-ray
photoelectron spectroscopy (XPS) measurements were carried out on a Thermo-VG
Scientific ESCALAB 250 X-ray photoelectron spectrometer.

The glass transition

temperature (Tg) of polymers was tested through differential scanning calorimetry (DSC)
conducted on a DSC 2000 instrument (TA Instruments). Samples were first heated from
−70 to +200 °C at a rate of 10 °C/min. After cooling down to −70 °C at the same rate, the
data was collected from the second heating scan. About 8 mg of each sample was used for
the DSC test with nitrogen gas at a flow rate of 50 mL/min. Dynamic thermomechanical
analysis (DMA) was performed by using a Q800 DMA (TA Instruments). The DMA
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spectra were scanned with a frequency of 10 Hz and a heating rate of 3 oC/min. All the
shape memory tests were carried out in a stress controlled thin film tension mode.
Thermogravimetric analysis (TGA) was conducted on a Q5000 TGA system (TA
Instruments), ramping from 25 to 600 °C with a rate of 10 °C/min. About 10 mg of sample
was used per test. Tensile stress−strain testing was carried out with an Instron 5543A
testing instrument. The films were prepared by dissolving 1 g of polymers in 15 mL of
solvent. The solution of polymers was poured in a PTFE mold. After the evaporation of
solvent over 72 h, the film was put under vacuum for 4 h at room temperature followed by
4 h at 60 °C. Dog-bone shaped specimens were cut from the cast film with a length of 20
mm and width of 5.0 mm. The thickness was measured prior to each measurement. Testing
was done at room temperature with a crosshead speed of 20 mm/min. Five replicate
samples were used to obtain an average value for each.
Synthesis of CNC-g-PESBMA by SI-ATRP
CNC-Br (104 mg, 0.0466 mmol of Br), ESBMA (3.00 g, 7.13 mmol), tris[2(dimethylamino)ethyl]amine (Me6TREN) (23 mg, 0.1 mmol), THF (1.0 mL) and
dimethylformamide (DMF) (1.0 mL) were introduced to a 10 mL Schlenk flask. The
solution was degassed by three freeze−pump−thaw cycles and sealed. Cu(I)Br (14.4 mg,
0.1 mmol) was added during the last cycle. The flask was sealed under nitrogen and placed
into an oil bath set at 90 °C. After 36-72 h, the polymerization was stopped by opening the
flask and exposing the reactive mixture to air. THF was added to the mixture, and the
product was precipitated into cold methanol three times. The resulting polymer was dried
under vacuum at 40 °C.
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Synthesis of P(ESBMA-co-SBMA) Copolymer
ESBMA (3.00 g, 7.13 mmol), SBMA (9.00 g, 21.4 mmol), AIBN (46.9 mg, 0.285
mmol) and dry toluene (12 mL) were introduced to a 50 mL round bottom flask. The flask
was sealed, purged with nitrogen for 20 minutes and placed into an oil bath at 75 °C. After
7 h, the polymerization was stopped by opening the flask and exposing the reactive mixture
to air. THF was added to the mixture, and the product was precipitated into cold methanol
three times. The resulting polymer was dried under vacuum at 40 °C.
Synthesis of Epoxy Resins
A typical procedure was as follows: CNC-g-PESBMA (0.5 g) was dispersed in 1 mL
DMF. To this solution was added P(ESBMA-co-SBMA) (0.5 g), 4-methycyclohexan-1,2dicarboxylic anhydride (39.2 mg, 0.675 mmole), 1,8-diazabicyclo [5.4.0] undec-7-ene
(DBU) (10 mg), and 5 mL THF. The solutions were sonicated for 5 minutes, degassed, and
poured into Teflon molds. Solvents were evaporated at room temperature over 72 hours.
The films were then placed into an oven under vacuum for 24 hours and heated under
vacuum at 50 oC for 24 hours. Finally, the films were cured at 100 oC for 24 hours.
5.4 Results & Discussion
Synthesis of Soybean Polymers and Epoxy Resins
SMPs were synthesized in multiple steps. First, CNC-Br as an initiator was synthesized
using a procedure reported earlier.43 This reaction involves the esterification of hydroxyl
groups on CNCs using bromoisobutyryl bromide (BIBr). The initiator was characterized
by FTIR and XPS, which allowed the determination of grafted bromine sites on the surface
of CNC (Figure 5.3 and Table 5.1). The CNC-Br was determined to have ~1.3 wt%
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bromine from the bromoisobutyryl groups functionalized onto the surface (first reaction in
Figure 5.2).

Figure 5.2. Synthesis of CNC-g-PESBMA by SI-ATRP using CNC-Br as initiator.

Epoxidized soybean methacrylate monomer (ESBMA) was prepared using a reported
method.42 Soybean oil was transformed into a fatty alcohol, which was subsequently
epoxidized using 3-chloroperoxybenzoic acid (m-CPBA). The epoxidized soybean alcohol
was reacted with methacrylic anhydride using a base catalyst to prepare the soybean epoxy
monomer. CNC-g-PESBMA was subsequently synthesized by SI-ATRP, as shown in
Figure 5.2. The final grafted polymer was characterized by 1H NMR and XPS (Figure
5.3 and Table 5.1). XPS data confirmed the presence of bromine and nitrogen respectively
on grafted CNC initiators and polymers. The absence of bromine in CNC-g-PESBMA
could be due to Br content below the detection limit, given the dramatic decrease of
bromine after polymers were grafted.
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Figure 5.3. (a) FTIR spectra of CNC, CNC-Br, and CNC-g-PESBMA; (b) 1H NMR spectrum of
CNC-g-PESBMA.

Table 5.1. XPS data (atomic percentages) comparing the bare CNC, CNC-Br, and CNC-gPESBMA.

% O 1s

% C 1s

% Br 3d

% N 1s

O/C

Bare CNC

44.3

55.7

---

---

0.79

CNC-Br

40.8

57.9

1.3

---

0.70

CNC-g-PESBMA

28.1

67.3

---

4.6

0.42

The weight content of cellulose in the grafted polymer was determined to be 3.9 wt%
using conversion and ratio of initiator to monomer via 1H NMR. Higher amount of
cellulose resulted in poor dispersion of the CNC-Br initiators in the polymerization solvent
system likely due to a lack of solubility. The number average molecular weight (Mn = 49.5
KDa) was determined theoretically using 1H NMR (to obtain conversion, [M]o/[I]o = 150,
Mo = 424 g/mol), and a Tg of 20 oC was determined by DSC. P(ESBMA-co-SBMA)
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copolymers were synthesized using free radical polymerization. The P(ESBMA-coSBMA) copolymer used for blending has a Mn of 40.7 KDa and a Tg of 13 oC. CNC-gPESBMA grafted polymer was blended with P(ESBMA-co-SBMA) copolymers. The
control of composition between ESBMA and SBMA allowed for control of mechanical
properties for tailored materials. Subsequent crosslinking can form epoxy resins.
Mechanical Properties of Soy Polymers and Epoxy Resins
To prepare epoxy resins, P(ESBMA-co-SBMA) was dispersed in THF. The mixture was
crosslinked by 4-methycyclohexan-1,2-dicarboxylic anhydride with DBU as a catalyst.
Various ratios of epoxide to anhydride were used to optimize mechanical properties
(Figure 5.4a). A ratio of epoxide to anhydride at 2:1 produced the strongest and toughest
films, while lower ratios resulted in poor mechanical properties and higher ratios reduced
toughness. With the ratio of epoxide to anhydride at 2:1, four samples were synthesized
with weight fraction of CNCs in the range of 0 to 1.8 wt% using a combination of grafted
and copolymer (Figure 5.4b). There was a marked decrease in toughness with introduction
of CNCs. It is likely due to the increase in epoxide crosslinkers with increasing amount of
CNC-g-PESBMA polymer. Grafted CNC composites were also compared with simple
blends of CNCs and polymers (Figure 5.4c). The grafted materials showed a significant
change in mechanical properties with a decrease in elasticity, likely due to an increase in
crosslinking. In comparison, simple blends between epoxy polymer and cellulose lacked
noticeable robustness. This is likely caused by the lack of good interactions between the
CNC filler and polymer matrix in the blend.
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Figure 5.4. Tensile curves: (a) epoxy resins featuring various ratios of epoxide to anhydride of
virgin polymer without cellulose; (b) epoxy resins featuring varying weight fractions of CNCs
using a ratio of epoxide to anhydride of 2:1. (c) comparing the grafted polymer, free polymer, and
a blended nanocomposite.

Dynamic mechanical analysis (DMA) was performed on the epoxy resins to help
determine their mechanical behavior (Figure 5.5). Resins with three different fractions of
CNCs (0.6 wt%, 1.2 wt%, and 1.8 wt%) displayed similar loss modulus and storage
modulus above room temperature, with a clear plateau starting at 50 oC for the 0.6 wt%
resins around 5000 MPa. The rubbery plateau for the 1.2 and 1.8 wt% resins begins later
above 70 oC around 600 MPa. Unfortunately, the resins with 1.2 wt% and 1.8 wt% CNCs
were quite brittle, with complete breakage of samples above 80 oC, which did not occur for
the 0.6 wt% sample. Thus, the resin with 0.6 wt% CNC was chosen as the sample for the
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remainder of testing, as it maintained desirable flexibility, did not break before reaching a
complete rubbery plateau, and maintained a higher storage modulus at increased
temperature.
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Figure 5.5. (a) DSC curves of 0.6wt% CNC epoxy resin, CNC-g-PESBMA, and P(ESBMA-coSBMA) copolymer. (b) TGA data for the various materials. (c) Loss modulus and (d) Storage
modulus of the epoxy resins containing various wt% of CNC.

Thermal Properties of Soy Polymers and Epoxy Resins
DSC and DMA were used to determine the Tg of polymers and corresponding epoxy
resins. DSC provided comparison of Tg between virgin free copolymer, grafted polymer,
and epoxy resin, whereas DMA allowed for a more sensitive measurement of Tg for the

131

epoxy resin (Figure 5.5). Incorporation of CNCs into soybean polymers resulted in a
slightly higher Tg, where P(ESBMA-co-SBMA) has a Tg of 13 oC, versus 20 oC for CNCg-PESBMA. The final epoxy resin containing 0.6 wt% cellulose has a Tg of 22 oC; however,
DMA showed a Tg of 12 oC using the sigmoidal change in storage modulus. All polymers
and epoxy resins showed high thermal stability, with 10 wt% loss at 315-318 oC. (Table
5.2 and Figure 5.5).
Table 5.2. Thermal properties of grafted copolymer, free soybean copolymer and the epoxy resin.
Tg was measured using DSC.

Samples

Tg (oC)

Temperature of 10% weight loss (Td10, oC)

P(ESBMA-co-SBMA)

13

318

CNC-g-PESBMA

20

315

0.6wt% CNC Epoxy Resin

22

315

Thermo- and Chemo-Responsive Shape Memory Properties
These epoxy resins were expected to exhibit shape memory properties. The polymer
matrix is made up of two separate networks. The permanent network involves crosslinking
due to epoxide curing. The switchable network involves hydrogen bonding between
hydroxyl groups on cellulose and secondary amides on the soybean polymers. Once heated
above the Tg, the polymer chains could significantly reduce hydrogen bonding network and
enhance chain mobility, allowing deformation of polymers into a temporary shape. When
polymers are cooled under stress, chains are locked with stressed conformation as the
hydrogen bonding resumes. If polymers are heated again, the hydrogen bonding is again
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disrupted, and the polymer films quickly return to the thermodynamically favored
permanent shape.
0.10
80

u

60

Strain (%)

Temperature (oC)

40

40

0.06
20

r

20

0.08

0

0.04

Stress (MPa)

m

0.02

0.00

0
0

10

20

30

40

50

Time (minutes)

Figure 5.6. Dual (stress- and temperature-) programmed shape memory testing of epoxy resin with
0.6 wt% CNC; photos of films show time-dependent recovery.

As shown in Figure 5.6, stress- and temperature-programmed DMA was used to
quantitatively analyze the shape memory properties of epoxy resins. The epoxy resin with
0.6 wt% CNC was heated to 80 oC and deformed under constant stress (0.07 MPa). A strain
of 42 % was obtained within 5 min. Following deformation, the film was cooled to 20 oC
under the same stress (0.07 MPa). After cooling, the stress was released and the strain was
tracked as the sample was reheated to 80 oC. Shape fixity was used to determine how well
the polymer holds the stimulated temporary shape after removal of stress. According to
equation 1,
(1)

𝑅𝑓 =

𝜀𝑢
𝜀𝑚

× 100%

where Ɛm is the strain after stretching and fixing for temporary shape and Ɛu is the strain
after removal of stress, the shape fixity ratio was calculated to be 96.7 %. Shape recovery
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was used to determine how well the polymer recovers back to the original permanent shape.
According to equation 2,
(2)

𝑅𝑟1 =

𝜀𝑟
𝜀𝑢

× 100%

where Ɛr is the strain after recovery from temporary shape, the shape recovery ratio was
calculated to be 85.4 %.

Figure 5.7. Time-dependent chemo-responsive shape memory testing in methanol at room
temperature.

Figure 5.8. Time-dependent chemo-responsive shape memory testing in water at 40 oC.

Figure 5.9. Time-dependent chemo-responsive shape memory. Samples are at room temperature
and water submersed.
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Beyond thermo-responsive properties, other stimuli to the disruption of hydrogen bonds
can also serve to stimulate the shape memory response of these composite materials.44
Chemo-responsive behaviors were tested using solvents that could disrupt H-bonding, such
as water and methanol. Methanol can easily be absorbed into the polymer matrix and
interrupt hydrogen bonding within the polymer, leading to a return to the permanent shape
in 35 minutes (Figure 5.7). Water can also interrupt hydrogen bonds; however, water
molecules exhibited slower diffusion into the polymer matrix than methanol, resulting in
incomplete recovery while films were submersed at room temperature (Figure 5.9). When
heated to 40 oC, a combination of thermo- and chemo-response can accelerate shape
recovery in just 45 minutes in water (Figure 5.8).

Figure 5.10. Time-dependent chemo-responsive shape memory. Samples are at room temperature
and sealed in a container with THF vapor.

Although THF is an aprotic polar solvent that cannot hydrogen bond itself, its vapor
easily penetrated into the polymer matrix and caused quick return to the original shape in
6 minutes (Figure 5.10). THF vapors serve to plasticize the polymer matrix, decreasing Tg
and increasing flexibility and rubbery properties. When exposed to THF vapor, the polymer
gained flexibility and caused faster recovery to the entropically favored original permanent
shape.

135

5.5 Conclusions
Epoxy resins were synthesized using soybean oil and cellulose nanocrystals via SIATRP. The resulting materials showed both thermo- and chemo-responsive shape memory.
All synthesized polymers can be easily characterized to determine mechanical and thermal
properties. These results indicate high thermal stability and excellent strength of the final
epoxy resins. Overall, such results for these sustainable epoxy resins demonstrate
promising utilization as smart materials.
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CHAPTER 6
SUMMARY AND OUTLOOK
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Throughout this dissertation work, the use of macromolecular engineering to control
polymer topologies and functionalities was discussed in depth. By carefully selecting
monomers, and thus the subsequent supramolecular interactions, tailored materials were
developed for a variety of applications, including acrylic coatings and epoxy resins.
Additionally, the stimuli-responsive properties of these polymeric materials were
considered.
In Chapters 2 and 3, supramolecular interactions such as hydrogen-bonding and metalligand coordination were used to mimic chain entanglement in plant oil-derived
copolymers. Future research could pursue two directions, (1) utilizing additional dynamic
bonding and (2) applying these facile strategies to other biomass-sourced monomers
(Figure 6.1).
Dynamic bonding encompasses not only supramolecular interactions, but reversible
covalent reactions. Depending on the dynamic bonding chosen, the resultant polymers
could contain dynamic or covalent bonds, both of which can be used to tailor the strength
and thus potential applications. Some strategies to explore are listed herein. First, the use
of electrostatic interactions through monomer selection, such as pyridinium, sodium
acrylate, or other charged monomers. Second, exploiting host-guest interactions by
utilizing groups such as cucurbiturils and dendrimers, which can interact with and bind
polar polymers. Finally, many reversible covalent reactions can be easily applied to
biomass-derived polymers. These include disulfide bonds, Diels-Alder reactions, boronic
esters, and a variety of aldehyde/ketone exchangeable reactions on the carbonyl group.
Though it should be noted that due to the presence of covalent bonds in these reactions,
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conditions necessary to force the reversible reaction might require the inclusion of
catalysts, potentially limiting applications.

Figure 6.1. Chemistries for future research (a) using various dynamic reversible reactions and (b) by
varying the biomass-derived monomer.
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In Chapters 4 and 5, focus shifted to specific applications. Firstly, acrylic resins for
polymeric coatings were synthesized using a biomass source (SBMA) to replace a
petroleum analogue (butyl acrylate, BA). There are also biomass sources that can be used
to substitute other widely used monomers, including using lignin-derived phenolics to
replace styrene. Changing both monomers to biomass-derived sources would result in a
much higher biomass content in the final materials, which is desirable for commercial
applications. Additionally, studies need to be performed to optimize the emulsion
polymerization reaction conditions. The surfactant loading and solid content both need to
be adjusted to mimic industrial standards. Monomer substitution and reaction optimization
could result in a final acrylic coating that is entirely biomass-derived with properties and
procedures friendly for industrial practice.
In Chapter 5, epoxy resins were synthesized using a nanocomposite to enhance the
thermomechanical properties and impart stimuli-response. Epoxy resins are a huge
industry, but unfortunately rely on harmful chemicals, including bisphenol A (BPA), an
epoxy precursor, which is a known reproductive toxin. Despite the promising stimuliresponsive properties in these materials, future work should focus on utilizing plant oils in
epoxy resins. Due to their unique structure, plant oils can be used to replace both the epoxy
pre-resin and anhydride-curing agent, allowing for a high bio content. Additionally, many
of these plant oil chemicals are benign; therefore, they do not produce toxicity issues unlike
some of their petroleum analogues.
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Figure A.1. Permission to reprint Figure 1.3.
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Figure A.2. Permission to reprint Figure 1.6.
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Figure A.3. Permission to reprint Figure 1.8.
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Figure A.4. Permission to reprint Figure 1.9.
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Figure A.5. Permission to reprint Chapter 2.
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Figure A.6. Permission to reprint Chapter 3.
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Figure A.7. Permission to reprint Chapter 4.
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Figure A.8. Permission to reprint Chapter 5.
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